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CHAPTER  I 

THE  DEVELOPMENT  OF  HYDRAULIC  SCIENCE. 

Theory  of  Hydranlios. — The  commencement  of  the  study  of  the 
laws  which  govern  the  flow  of  water,  and  of  its  effect  in  eroding 
the  banks  of  the  channel  through  which  it  passes,  and  in  trans- 
porting or  depositing  the  material  eroded,  may  be  said  to  date 
from  the  middle  of  the  sixteenth  century,  when  Galileo  applied 
his  discovery  of  the  laws  of  falling  bodies  to  the  movement  of 
water,  and  traced  the  connection  between  the  universal  law  of 
gravitation  and  the  tides  of  the  ocean.  About  the  same  time 
Toricelli  showed  the  analogy  between  the  discharge  of  water 
from  orifices  in  vessels  and  its  velocity  in  open  channels,  and 
proved  that  this  was  due  to  the  acceleration  caused  by  the  slope 
of  the  surface  of  the  water. 

Bartolotti,  an  Italian  engineer,  having  projected  a  plan  for 
improving  the  river  Biscozio,  Galileo  wrote  a  treatise  exposing 
the  errors  of  this  scheme,  based  on  the  above  principle,  that  the 
motion  of  water  is  regulated  by  the  inclination  of  the  surface, 
and  not  by  that  of  the  bed  of  the  stream. 

In  1661,  the  Abbot  Castelli  devoted  his  attention  to  the 
movement  of  water  in  open  channels,  and  to  the  effect  of  tidal 
action  on  the  discharge  of  rivers  at  their  outfalls.  The  result  of 
his  observations  was  published  in  a  treatise  entitled  "The 
Mensuration  of  Running  Water."  An  English  translation  of 
this  treatise  was  made  by  T.  Salusbury,  and  published  in 
London  in  1661.  Castelli  laid  down  the  following  laws  as  the 
result  of  his  researches : — 

That  the  velocity  of  the  water  in  a  river  is  derived  from 
the  pressure  of  the  upper  water.  That  in  a  river  reduced  to 
a  state  of  permanence  the  quantity  of  water  which  passes 
through  all  its  sections  in  equal  spaces  of  time  will  be  equal 
That  the  medium  velocities  in  the  different  sections  will  be 
reciprocally  proportional  to  the  amplitude  of  the  sections.    That 
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if  a  river  flowing  in  a  rectangular  channel  with  a  certain 
velocity  be  increased  by  a  flood  to  double  its  height,  the  velocity 
of  the  water  will  become  double.  On  this  ground  he  condemned 
attempts  to  mitigate  floods  by  diverting  the  water  of  the  rivers 
into  new  channels. 

Castelli  also  investigated  the  cause  of  the  formation  of  bars 
at  the  mouth  of  rivers  entering  the  sea.  The  range  of  tide 
being  very  small  in  the  sea  which  came  under  his  observation, 
his  experience  was  limited.  The  opinion  which  he  deduced  from 
watching  the  outfalls  of  the  rivers  into  the  Mediterranean  was 
that  the  sea,  disturbed  by  the  winds,  raised  the  sands  at  the 
bottom,  and  these  were  carried  by  the  flood-tide  into  the  mouth 
of  the  river;  that  the  detrital  matter  brought  down  by  the 
river  and  the  sand  driven  back  into  the  sea  by  the  ebb,  being 
discharged  at  a  point  where  the  sea  and  river  met  with  equal 
force,  settled  and  formed  a  bar. 

Towards  the  end  of  the  seventeenth  century,  considerable 
damage  was  constantly  happening  from  the  incompetence  of  the 
rivers  of  Italy  to  discharge  the  water  brought  down  in  floods. 
The  governments  of  Rome  and  Florence  appointed  several  com- 
missions of  engineers  and  mathematicians  to  consider  the 
general  laws  of  hydraulics,  and  how  these  could  be  best  applied 
to  the  regulation  of  the  rivers  and  the  prevention  of  floods.  At 
one  of  these  commissions,  appointed  by  Pope  Innocent  XII. 
in  1693,  to  investigate  the  condition  of  the  rivers  passing 
through  Bologna,  Ferrara,  and  Romagna,  Bologna  was  repre- 
sented by  an  engineer  named  Guglielmini.  As  a  commissioner 
he  spent  a  great  deal  of  time  in  investigating  the  conditions  of 
the  rivers  and  the  manner  in  which  the  water  was  discharged. 
The  result  of  these  investigations  was  published  in  1697,  in  a 
book  entitled  "Natura  de  Fiumi."  Several  chapters  of  this 
book  are  devoted  to  the  flow  of  water  in  rivers,  and  its  motion 
down  inclined  planes.  He  shows  that  an  equilibrium  becomes 
established  between  the  force  of  the  currents  and  the  resistance 
from  the  friction  on  the  bed  and  sides  of  the  channel  That 
motion  is  due  to  surface  inclination,  the  upper  layers  of  the 
water  pressing  on  the  lower  layers,  and  that  movement  depends 
on  the  pressure,  which  acts  more  and  more  as  a  cause  of  move- 
ment as  the  stream  deepena  That  the  slope  of  the  bed  of  a 
river  will  diminish  as  the  volume  of  water  increases.  That  as 
rivers  recede  from  their  sources  the  inclination  of  the  bed  will 
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diminish,  and  the  size  of  the  material  transported  will  also 
diminish  in  a  corresponding  ratio.  That  where  two  streams, 
equally  turbid,  united  in  one  common  channel,  the  velocity 
being  as  great  or  greater  than  before,  the  material  would  still  be 
kept  in  suspension,  and  the  common  bed  would  be  eroded  and 
maintained,  although  its  inclination  be  less  than  that  of  the  tribu- 
taries. That  a  stream,  if  not  guided  by  artificial  means,  will 
assume  a  series  of  curves.  That  where  erosion  once  commences 
in  a  channel,  in  a  part  where  the  earth  has  less  tenacity  than 
in  other  parts,  the  points  and  angles  of  the  part  eroded  will  be 
washed  away  and  a  concave  surface  formed ;  the  deflection  of 
the  stream  caused  by  this  will  strike  against  the  opposite  side 
of  the  channel,  causing  an  erosion  on  its  banks,  and  then  a 
series  of  curves  will  go  on  forming  until  the  resistance  becomes 
equal  to  the  force  and  an  equilibrium  is  established.  That,  other 
circumstances  being  equal,  the  larger  the  rivei's  the  more  con- 
siderable will  be  the  circuit  of  their  windings.  That  bends  are 
first  caused  by  irregularities  in  the  composition  of  the  soil  of 
which  the  channel  is  composed,  or  by  obstructions  which  the 
water  encounters  in  its  flow.  That  if  two  rivers  similar  in 
section  and  velocity  enter  the  sea  separately,  the  sum  of  their 
sections  will  be  greater  than  the  section  of  the  two  streams 
united  in  one  channel.  That  the  flow  and  reflow  of  the  tidal 
water  help  to  maintain  the  mouths  of  the  rivers  free  from 
deposit.  That  the  form  of  the  mouth  of  a  river  entering  the 
sea  will  depend  upon  the  diflerence  of  velocity  between  the 
river  and  the  tide-currents.  That  the  material  brought  down 
by  rivers  will  settle  along  the  eddy  part  of  the  shore  and  form 
sandbanks,  which  will  go  on  gradually  increasing  and  oppose 
the  outflowing  water  from  the  river  according  to  the  direction 
of  the  tidal  current. 

Applying  these  laws  to  the  rivers  of  Italy,  he  advocated  that 
it  was  better  to  unite  all  the  streams  of  a  district  into  one  main 
trunk  rather  than  to  allow  them  to  run  off  in  several  smaller 
channels.  He  advised  great  caution  in  carrying  out  works  foi 
shortening  the  rivers  conveying  gravel  and  other  material  by 
cutting  off  bends,  and  that  before  making  such  cuts  a  perfect 
knowledge  of  the  soil  through  which  the  river  passed  should 
be  obtained,  and  also  of  the  conditions  under  which  the  exist- 
ing equilibrium  had  been  attained. 

Notwithstanding  the  advice  given  by  these  commissions  and 
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works  carried  out  on  their  recommendations,  the  Po  and  the 
Reno,  being  obstructed  by  the  material  brought  down  from  the 
higher  country,  continued  to  break  their  banks  and  to  flood 
the  plains  of  Bologna.  In  1760,  Paul  Frisi^  a  professor  of 
mathematics  at  the  University  of  Turin,  distinguished  himself 
in  the  controversy  then  going  on  as  to  the  best  means  of  regu- 
lating these  rivers.  In  1762  he  published  a  treatise  on  rivers 
and  torrents,  which  also  has  been  translated  into  English.  Frisi, 
in  the  first  part  of  his  book,  treats  very  fully  on  the  cause  and 
origin  of  rivers,  and  the  different  effects  produced  by  water  carrying 
gravel  and  sand  He  analyzes  the  theories  of  previous  writers, 
and  treats  of  the  slopes  and  velocities  of  single  and  combined 
streams.  He  suggests  that  the  slope  of  the  bottom  of  a  channel 
contributes  principally  to  the  acceleration  of  the  stream  in  the 
primary  beds  in  the  bosom  of  the  mountains  where  the  height 
of  the  body  of  the  water  is  very  small,  and  where  the  fall  is 
very  rapid  He  dealt  with  a  proposition  which  had  been  put 
forward  about  this  time  by  Gennet6,that  a  river  may  absorb  the 
whole  of  the  water  of  another  river  of  as  great  magnitude  as 
itself  without  producing  any  sensible  elevation  in  its  surface — 
an  opinion  which  he  attempted  to  support  by  numerous  experi- 
ments and  by  pointing  to  the  Rhine,  which  received  the  Mainz, 
whose  flow  of  water  was  nearly  as  great  as  its  own,  without  it 
being  possible  to  observe  any  perceptible  difference  in  the 
dimensions  of  the  bed ;  also  to  the  Moselle,  which  is  absorbed 
with  the  same  effect ;  and  in  the  converse  case,  where  the  Rhine 
divides  on  entering  Holland  without  its  surface  being  apparently 
lowered.  Remarking  on  the  experiments  which  had  been  made 
by  Gennet^  on  an  artificial  watercourse,  he  says  that,  although 
such  models  may  not  serve  as  a  guide  for  the  regulation  of  great 
rivers,  they  may  yet  be  sufficient  to  show  that  nature  on  a 
small  scale,  as  also  on  the  greater  found  in  rivers,  always  acts 
by  the  same  laws.  That  it  appeared  to  him,  both  from  the 
result  of  these  experiments  and  also  from  his  own  observations 
of  the  rivers  of  Italy,  "  that  there  frequently  is  not  any  sensible 
increase  in  height  even  when  there  is  a  considerable  augmenta- 
tion in  the  quantity  of  water;  and  therefore  that  the  velocity 
of  the  water  increases  sensibly  in  the  same  ratio  as  the  quantity,"^ 
and  that  the  velocities  of  united  rivers  increase  nearly  in  pro- 
portion to  their  volumes.  He  compares  the  propositions  laid 
down  by  Guglielmini  as  to  the  effect  of  the  transporting  and 
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eroding  power  of  water  in  rivers  with  his  own  observation  and 
experiences,  and  asserts  that  the  bottom  of  a  main  stream  will 
be  equally  established  above  and  below  its  junction  with  a 
tributary  if  the  sines  of  the  slopes  are  reciprocally  in  proportion 
to  the  quantities  of  water. 

He  also  deals  with  the  effect  of  the  tides  in  keeping  open 
the  mouths  of  rivers.  He  considered  that  although  the  rise 
and  fall  of  the  tides  in  the  Mediterranean  were  very  small,  yet 
they  had  a  material  effect  in  keeping  open  the  outfalls.  He 
points  out  that  the  bed  of  the  river  Po  was  seven  feet  lower  at 
fourteen  miles  up  its  course  than  at  its  entrance  into  the 
Mediterranean;  and  the  Primaro  and  other  rivers  had  like 
concavities  in  their  beds,  which  maintained  themselves  open 
notwithstanding  the  large  amount  of  sediment  brought  down 
in  floods.  He  quotes  the  following  reduction  of  the  ideas  of 
Guglielmini  to  the  propositions  made  by  G.  Manfredi,  to  the 
effect  that  the  constant  submersion  of  the  whole  bottom  below 
the  level  of  the  lowest  ebb  maintains  the  matter  always  in  a 
detached  condition  and  keeps  it  saturated  with  water ;  that  the 
current  of  the  flood-tide  keeps  the  particles  of  sand  and  earthy 
matter  raised  from  the  bottom ;  that  this  current,  setting  against 
the  stream  of  the  river,  raises  its  surfetce  two  or  three  feet 
more  than  the  ebb  requires,  and  then  the  ebb  current,  being 
stronger  than  that  of  the  flood,  contributes  to  increase  the 
agitation  of  the  water,  and  keeps  the  particles  of  sand  incor- 
porated with  them,  and  so  prevents  them  settling  and  raising 
the  bed.  In  treating  of  the  means  necessary  to  prevent  the 
erosion  of  the  banks  of  rivers,  he  advises  that,  when  groynes 
are  used  to  prevent  erosion,  they  should  extend  out  from  the 
bank  of  the  river  in  a  direction  so  as  to  make  with  the  bank 
half  a  right  angle.  He  argues  in  support  of  this  by  showing 
that,  if  the  direction  of  the  water  is  parallel  to  the  banks,  by 
resolving  its  velocity  into  two  others,  the  one  at  right  angles 
and  the  other  parallel  to  the  spur,  the  latter  velocity  will  be 
proportional  to  the  cosine  of  the  angle  which  the  spur  forms 
wiiii  the  bank.  Then,  further,  as  the  quantity  of  water  that 
impinges  against  the  spur  is  proportional  to  the  perpendicular 
drawn  from  the  outer  extremity  of  the  work  to  the  bank  or  to 
the  sine  of  the  same  angle  of  inclination,  the  quantity  of  motion 
with  which  the  stream  will  flow  in  a  direction  parallel  with 
the  spur  towards  the  opposite  bank  will  be  as  the  product  of 
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the  sine  into  the  cosine  of  the  angle  which  the  groyne  makes 
with  the  bank,  and  since  this  product  is  a  maximum  when  the 
angle  is  half  a  right  angle,  it  follows  that  the  most  advantageouB 
position  which  can  be  given  to  the  groyne  is  that  in  which  it 
forms  with  the  bank  an  angle  of  forty-five  degrees.  He  goes 
on  to  point  out  that  it  is  not  possible  to  prevent  the  water  from 
scouring  deep  holes  in  the  vicinity  of  groynes,  and  therefore 
advises,  as  a  more  reliable  course,  that  works  of  protection  should 
run  parallel  with  the  banks,  and  the  resistance  be  thus  uni- 
formly distributed. 

In  1765,  Paul  Lecchi,  a  Milanese  engineer  extensively  en- 
gaged on  canal  work,  published  a  book  containing  a  complete 
examination  of  all  the  different  theories  relating  to  effluent 
water,  and  endeavoured  to  show  how  such  laws  applied  to  water 
in  rivers  and  canals. 

A  few  years  later,  the  Abbd  Bossuet  undertook  a  series  of 
experiments  for  the  French   Government,  and  published  the 
result  in  a  treatise  on  the  general  principles  of  hydraulics  and 
the  effect  of  friction  in  retarding  the  flow. 

In  1779,  Dubuat,  following  up  the  researches  made  by  his  pre- 
decessors, commenced  an  examination  into  the  laws  governing 
water  when  running  in  open  channels  made  in  clay,  sand,  and 
gravel,  and  also  into  the  varying  effects  of  piers,  sluices,  and  other 
obstructions.    From  these  experiments,  conducted  at  the  expense 
of  the  French  Government,  after  the  labour  of  ten  years,  he 
obtained  a  sufficient  knowledge  of  the  velocity  of  the  different 
parts  of  a  uniform  current,  and  of  the  relation  of  the  velocity  at 
the  surface  and  at  the  bottom  and  sides,  and  the  resistance  from 
different  kinds  of  soil,  to  enable  him  to  reduce  these  to  algebraic 
form.     In  1786  he  published  his  "Principles  d'Hydrauliques," 
in  which  he  gave  the  theories  and  the  result  of  his  experiments. 
Dubuat  contended  that,  as  the  motion  of  water  was  due  to 
the  action  of  gravity,  and  being  in  a  perfect  state  of  fluidity,  if 
it  ran  in  a  bed  from  which  it  experienced  no  resistance,  its 
motion  would  be  constantly  accelerated  like  the  motion  of  a 
body  descending  an  inclined  plane.    Ajs,  however,  the  velocity 
of  water  in  a  running  stream  is  not  accelerated  indefinitely,  but 
arrives  at  a  state  of  uniformity,  there  must  exist  some  obstacle 
which  checks  the  accelerating  force.    This  obstacle  he  traced  to 
the  resistance  experienced  by  the  particles  of  water  coming  in 
contact  with  the  bed  and  sides  of  the  channel,  or  to  the  viscidity 


THE  DEVELOPMENT  OF  HYDRAULIC  SCIENCE.       7 

of  the  water,  from  which  he  deduced  the  following  law :  That 
when  water  runs  uniformly  in  a  channel,  the  accelerating  force 
is  equal  to  the  sum  of  all  the  resistances  which  it  experiences ; 
gravity  being  the  accelerating  force,  and  the  resistance  of  the 
sides  and  bottom  of  the  channel  the  modifier.  To  obtain  the 
relation  between  the  rubbing  surface  and  the  water,  he  reduced 
every  section  of  the  various-shaped  channels  on  which  he  ex- 
perimented to  a  rectangular  parallelogram  of  the  same  area,  and 
having  its  base  equal  to  the  border  unfolded  in  a  straight  line. 
The  product  of  this  base  by  the  height  of  the  rectangle  being 
equal  to  the  area  of  the  section,  this  height  or  depth  was  a  re- 
presentative of  the  variable  ratio  of  the  section  and  of  the  border, 
and  was  termed,  "2%e  hydraulic  Tnean  depth"  He  further 
showed  that,  as  the  velocity  of  the  water  in  an  open  channel  is 
proportional  to  the  square  root  of  the  mean  radius  of  the  bed, 
therefore  a  trapezium  in  which  the  breadth  at  the  bottom  is 
two-thirds  of  the  depth  of  the  water,  and  where  the  slope  of 
the  sides  is  four-thirds  of  the  depth,  would  give  the  least  resist- 
ance. 

Chezy,  an  engineer  of  the  Fonts  et  Chauss6s  in  France,  fol- 
lowing on  the  lines  of  Dubuat,  determined  the  relations  existing 
between  the  inclination,  length,  transverse  section,  and  velocity 
of  water  flowing  in  open  channels. 

Having  determined  that  the  resistance  which  water  en- 
counters in  moving  in  an  open  channel  is  proportional  to  the 
wetted  perimeter,  and  to  the  square  of  the  velocity  plus  a 
fraction  of  the  velocity,  and  is  in  inverse  ratio  to  the  section, 
he  deduced  the  following  formula : — 


V=  VR  X  S  X  C 

in  which  V  =  the  mean  velocity, 

R  s  the  hydraulic  mean  depth  or  radius. 

S  =  the  sine  of  the  slope  or  the  fall  divided  by  the 

length. 
C  =  a  constant  determined  by  experiment. 

The  value  given  by  Chezy  to  the  constant  C  is  not  known. 
Although  a  great  many  attempts  have  been  made  to  determine 
this  value,  and  also  to  devise  a  formula  which  will  adapt  itself 
more  readily  to  the  varying  conditions  under  which  water  flows 
in  open  channels,  as  a  matter  of  fact  the  relations  between 
the  accelerating  and  retarding  forces  as  algebraically  settled 
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by  Chezy  are  universally  acknowledged  up  to  the  present  time 
as  sound,  and  as  affording  a  practical  method  of  obtaining  the 
velocity  of  running  water. 

In  1779,  the  Abb6  Mann  contributed  a  treatise  on  rivers  and 
canals  to  the  PhilosophicaZ  Tramsactions  of  the  Royal  Society  of 
London,  in  which  he  made  known  to  this  country  the  works 
of  the  Italians,  and  recapitulated  many  of  the  principles  laid 
down  by  Guglielmini  relative  to  the  acceleration  and  retardation 
of  water  flowing  in  rivers. 

At  the  beginning  of  the  present  century,  M.  Girard,  engineer 
of  the  Canal  TOurcq,  and  M.  Prony  conducted  a  large  number  of 
experiments,  and  published  several  papers  on  the  theory  of 
running  waters.  The  former  especially  investigated  the  retarda- 
tion of  the  velocity  due  to  obstruction  from  weeds  and  other 
similar  causes.  To  meet  cases  of  this  kind,  he  proposed  to 
amend  the  formula  of  Chezy  by  multiplying  the  perimeter  of 
the  channel  by  1-7. 

In  1798,  Venturi  of  Modena  published  a  treatise  on  the 
lateral  movement  of  fluids.  In  this  treatise  he  examined  the 
causes  of  eddies  in  rivers.  He  showed  that  every  eddy  destroys 
part  of  the  moving  force  of  the  current,  and  that  the  retardation 
of  the  accelerating  motion  is  due  not  only  to  friction  over  the 
bed  of  the  stream,  but  also  to  eddies  produced  from  the  irregu- 
larities of  the  surface  and  in  the  direction  of  the  channel,  a 
part  of  the  current  being  employed  in  restoring  equilibrium  of 
motion. 

In  1801,  Eytelwein  published  his  "  Handbuch  der  Mechanik," 
in  which,  besides  treating  generally  on  the  flow  of  water,  and 
endeavouring  to  simplify  the  theory  of  the  motion  in  rivers,  he 
reiterates  the  theory  previously  set  up  by  Gennet^,  that  a  river 
may  absorb  the  whole  of  the  water  of  another  river  equal  in 
magnitude  to  itself  without  producing  any  sensible  elevation 
in  its  surface. 

In  1820,  M.  Fontaine,  an  engineer  employed  by  the  French 
Government  to  carry  out  works  for  regulating  and  restraining 
the  Ehine  at  that  part  where  it  passes  through  French  territory, 
in  order  to  arrive  at  a  satisfactory  plan,  carried  out  a  series  of 
investigations  as  to  the  flow  of  water  under  various  conditions, 
the  result  of  which  he  published  in  a  work, "  Travaux  de  Rhine," 
In  this  work  he  lays  down  the  following  principles  as  those  to 
be  observed  in  regulating  and  controlling  a  river,  and  which  he 
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took  as  his  guide  in  designing  the  works  for  the  rectification  of 
the  river : — 

That  all  secondary  branches  should  be  closed,  and  the  waters 
united  into  one  channel.  That  rectilinear  cuts  should  be  avoided^ 
and  the  channel  be  conducted  by  a  series  of  curves,  the  deter- 
mination of  the  radii  of  which  should  be  derived  from  observa- 
tions on  the  rivers  to  be  dealt  with.  That  the  areas  of  the 
channels  should  correspond  with  the  different  volumes  and 
velocities  of  the  water.  He  contended  that  the  advantage  of 
the  curvilinear  direction  arises  from  the  fact  that  the  force  of  the 
centrifugal  projection  of  the  current  on  the  concave  side  of  the 
river  can  be  more  easily  counteracted.  The  proper  determina- 
tion of  the  radii  of  curvature,  he  considered,  depended  on  the 
inclination  and  force  of  the  currents.  In  the  case  of  the  Rhine, 
he  settled  the  maximum  lengths  of  the  radii  at  7250  feet  where 
the  depth  in  the  curved  part  of  the  river  was  50  feet ;  and  where 
the  depth  did  not  exceed  36  feet,  4000  feet.  His  observations 
on  the  velocity  of  the  water  in  the  Rhine  led  him  to  the  con- 
clusion that  the  greatest  velocity  is  at  the  surface.  That  the 
velocity,  which  at  first  diminishes  insensibly  downwards,  de- 
creases rapidly  towards  the  bottom  in  a  ratio  dependent  on  the 
nature  of  the  bed.  He  also  found  that  the  surface  of  the  stream 
varied  between  convex,  concave,  and  horizontal,  as  the  river  was 
either  rising,  falling,  or  slack. 

His  velocity  observations  were  made  by  a  Woltman  current- 
meter^  checked  by  floats. 

A  very  valuable  addition  to  the  development  of  hydraulic 
science  was  made  by  the  articles  written  for  the  "  Encyclopsedia 
Brittannica,"  about  the  beginning  of  the  present  century,  by 
Bobison,  on  "  The  Theory  of  Rivers ; "  by  David  Stevenson,  on 
"  Rivers ; "  and  by  Thomas  Stevenson,  on  "  The  Construction  of 
Harbours."  Mr,  Robison  also  dealt  with  the  same  subject  by 
an  article  in  his  **  Mechanical  Philosophy." 

In  1833,  Mr.  George  Rennie  made  an  interesting  and  valuable 
report  on  "  The  Progress  and  Present  Knowledge  of  Hydraulics 
as  a  Branch  of  Engineering,"  to  the  British  Association  Meeting 
at  Cambridge ;  and  in  1834  a  second  report  on  the  same  subject. 

In  1835,  a  work  was  published  ("  Recherches  Hydrauliques  ") 
by  two  French  engineers.  Messieurs  D'Arcy  and  Bazin,  in  which 
is  recorded  the  result  of  a  number  of  experiments  made  in 
artificial  channels  constructed  of  different  materials  and  varied 
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in  form,  the  results  being  compared  with  observations  made 
in  rivers  and  canals.  From  the  data  thus  obtained  an  endeavour 
was  made  to  produce  a  coefficient  for  C  in  the  formula  of  Chezy, 
V  =  CVRS.  The  coefficient  so  found  was  made  to  vary  with 
the  values  of  the  hydraulic  mean  radius  (R)  and  with  the  con- 
ditions of  the  section,  these  conditions  being  arranged  in  four 
categories,  the  last  of  which  only  applied  to  sections  in  earth 
and  rivers.  The  determination  of  this  coefficient,  which  is  given 
in  the  Appendix,  although  approaching  nearer  to  general  accuracy 
than  those  previously  in  use,  is  not  applicable  to  large  rivers 
having  low  inclinations. 

The  Tide  and  Waves. — The  theory  of  the  tides  is  a  subject 
which  has  hardly  received  the  attention  which  it  deserves.  The 
result  of  the  observations  made  by  Pytheas,  a  Greek  merchant 
and  philosopher,  who  resided  at  Marseilles,  and  had  ofben  been  to 
Great  Britain  on  visits  to  the  tin-mines,  is  recorded  by  Plutarch 
and  Pliny,  and  this  constitutes  all  that  was  known  on  the  sub- 
ject by  the  ancients.  Pliny  ascribes  the  moon  as  the  source  of 
the  tides,  and  infers,  from  the  gradual  change  of  the  tides  between 
the  new  moon  and  the  quadrature,  that  the  sun  was  not  uncon- 
cerned in  the  operation.  He  also  records  that  the  tides  gradually 
abated  from  the  times  of  new  and  full  moon  to  the  quadratures, 
and  then  increased  again ;  and  also  that  the  greatest  tide  was 
always  some  time  after  the  new  or  full  moon,  and  that  the 
smallest  was  as  long  after  the  quadratures.  He  also  observed 
that  the  retardation  of  the  tides  from  day  to  day  was  greater 
when  the  moon  was  in  quadrature  than  when  new  or  full. 

Very  little  further  progress  appears  to  have  been  made  to 
a  more  accurate  knowledge  of  this  subject  until  the  time  of 
Galileo  in  1624,  when  he  published  a  treatise  on  the  theory 
(Jf  the  tides,  founded  on  his  previous  discovery  of  the  revolu- 
tion of  the  earth.  The  Church,  basing  its  knowledge  of  science 
on  the  wording  of  the  Scriptures,  had  decreed  that  the  world 
was  the  centre  of  the  universe,  and  that  the  sun  and  other 
planets  revolved  round  it.  As  Galileo's  theory  was  at  variance 
with  this,  and  depended  on  the  revolution  of  the  earth,  the  work 
was  suppressed  as  repugnant  to  the  holy  Scriptures. 

In  1740,  D,  Bernoulli  wrote  a  dissertation  on  the  tides,  which 
shared  with  McLaurin  and  Euler  the  prize  given  by  the 
Academy  of  Paris  for  the  best  essay  on  this  subject.  The  more 
accurate  knowledge  of  the  law  of  gravity  as  formulated  by 
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Isaac  Newton  laid  the  foundation  for  the  theory  as  to  the  cause 
of  the  tides  which  is  adopted  by  astronomers  at  the  present  day. 
The  subject  was  further  elucidated  by  papers  contributed  to 
the  Philosophical  Trarisactiona  by  Wallis  and  Flamstead,  and 
by  Whewel  and  Lubbock  in  1833  and  1836,  and  by  the  article 
by  Airey  on  Tides  and  Waves  in  the  "  Encyclopaedia  Metro- 
politana,"  and  by  Darwin  in  the  "  Eucyclopsedia  Brittannica." 
Considerable  light  as  to  facts  relating  to  this  subject  was 
obtained  by  a  committee  of  the  British  Association  on  tidal 
observations  between  1868-76 ;  on  tidal  observations  in  the 
Humber,  the  Ouse,  and  the  Trent  in  1864 ;  in  the  Mersey  in 
1876 ;  in  the  North  Sea  in  1878-86 ;  on  the  Harmonic  Analysis 
of  the  tides  in  1883-5 ;  and  on  Tidal  Models  in  1889-91. 

An  investigation  into  the  theory  of  the  formation  of  waves 
was  undertaken  under  the  direction  of  a  committee  of  the 
British  Association  by  Scott  Russell  in  1836.  After  carrying 
out  a  great  number  of  experiments  two  reports  were  produced, 
dealing  with  the  great  tidal  wave  of  the  ocean  and  the  waves 
of  oscillation  and  translation.  The  laws  laid  down  in  this 
report  have  ever  since  been  accepted  as  a  correct  definition  of 
the  subject. 

Although  the  general  laws  relating  to  the  tides  were  thus 
made  known  from  early  times,  no  collection  of  observations 
existed  of  sufficient  extent  to  enable  tide  tables  to  be  compiled 
for  use  at  the  different  ports  of  the  kingdom,  or  which  would 
afibrd  information  to  mariners  voyaging  to  foreign  ports.  To 
meet  this  want,  at  the  request  of  the  Academy  of  Paris,  the 
French  Government  instructed  the  officers  at  the  ports  of  Brest 
and  Bochefort  to  keep  a  register  of  all  the  phenomena  relating 
to  the  tides  and  report  it  to  the  Academy.  These  observations, 
kept  up  continuously  for  several  years,  were  analyzed  by 
Cassini,  and  from  them  he  deduced  a  general  law  for  the 
calculation  of  the  tides. 

In  1839,  the  French  Hydrographic  Department  directed  M. 
Cbazallan  to  prepare  tables  giving  the  height  and  time  of  the 
tides  at  the  principal  ports  in  France,  and  the  ^  Annuaire  des 
Mar^s  des  Cdtes  de  France  "  is  now  issued  annually,  giving  not 
only  this  information,  but  also  constants  by  which  the  time  can 
be  ascertained  at  other  ports  not  given  in  the  tables . 

A  daily  record  of  the  tides  has  been  kept  at  all  the  principal 
ports  of  this  kingdom  for  a  long  series  of  years,  and  there  is 
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prepared  and  issued  by  order  of  the  Admiralty  animally  "  The 
Tide  Tables  for  the  British  and  Irish  Ports."  This  book  gives 
the  times  and  heights  of  high  water  for  night  and  morning  of 
every  day  for  twenty-three  representative  ports  in  this  country, 
and  also  the  time  and  height  of  the  tides  at  full  and  change  for 
all  the  principal  ports  in  the  world. 

Navigation. — ^At  the  end  of  the  thirteenth  century,  the  inven- 
tion of  the  mariner's  compass  by  Fluvio  Giolia,  of  Amalfi,  had 
enabled  mariners  to  extend  their  voyages  to  distances  beyond 
the  coast-line  with  some  confidence. 

The  long  voyages   in  unknown  seas  made  by  Columbus, 

BaflSn,  Hawkins,  Drake,  and  other  discoverers  in  this  country, 

•  involving  long  ocean  journeys,  directed  attention  to  the  necessity 

for  some  more  accurate  information  being  afforded  to  the  science 

of  navigation. 

The  navigators  of  three  hundred  yeai's  ago  depended  almost 
entirely  on  "dead  reckoning,"  or  the  estimated  course  and 
distance  run  by  a  ship,  assisted  by  observations  of  the  sun  and 
stars  made  with  instruments  of  the  simplest  description.  The 
only  charts  in  use  represented  the  world  as  a  flat  surface,  the 
meridians  being  shown  as  parallel  straight  lines  as  far  apart  in 
all  latitudes  as  they  are  at  the  equator,  and  the  degrees  of 
latitude  being  made  everyivhere  equal  to  one  another,  and  also 
to  the  degrees  of  longitude*  In  1569,  Mercator  drew  a  chart  of 
the  world  on  which  the  meridians  were  still  represented  by 
equidistant  and  parallel  straight  lines ;  but  the  degrees  of  lati- 
tude were  increased  in  length  on  receding  from  the  equator,  in 
the  same  proportion  that  the  distances  between  the  meri- 
dians on  the  globe  were  extended.  The  principle  on  which 
Mercator's  chart  was  drawn  was  explained  in  a  book  entitled 
"  The  Errors  of  Navigation,"  by  Edward  Wright,  and  published 
in  this  country  in  1699.  Since  the  publication  of  this  work  all 
sea-charts  have  been  drawn  on  this  projection,  which  has  the 
advantage  of  showing  a  ship's  actual  track  as  a  straight  line. 

An  instrument  for  ascertaining  a  ship's  speed  was  invented 
in  1577,  consisting  of  a  small  log  of  wood  attached  to  a  line. 
This  was  thrown  overboard,  and  the  time  taken  to  run  out  a 
certain  length  was  measured  by  the  repetition  of  a  sentence. 
The  measurement  obtained  by  repeating  these  words  was  subse- 
quently superseded  by  the  use  of  minute-glasses  divided  into 
two  compartments,  one  of  which  contained  sand,  which  occupied 
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a  definite  time  in  running  from  one  division  to  the  other^  a 
practice  which  is  continued  to  the  present  day  as  a  check  on 
other  instruments.  The  speed  of  a  vessel  now  is  generally 
ascertained  by  a  self-recording  log. 

The  only  instrument  in  use  in  the  middle  of  the  sixteenth 
century  for  taking  the  altitude  of  the  sun  was  the  "  forestaff," 
which  consisted  simply  of  a  wooden  rod  three  feet  long  and  an 
inch  square,  with  another  rod,  called  the  transversal,  attached  to 
it  in  the  centre  at  right  angles,  and  which  could  slide  backwards 
and  forwards.  The  observer  placed  his  eye  at  one  end  of  the 
rod,  and  moved  the  transversal  along  it  until  he  could  see 
the  two  objects  to  which  it  was  directed  through  two  holes  at  the 
end.  The  angle  subtended  by  the  two  ends  of  the  transversal 
at  the  different  distances  from  the  eye  was  marked  on  the  rod. 
The  astrolabe  and  the  backstaff  were  instruments  of  a  similar 
character,  and  were  in  use  until  the  sextant  was  invented  in  the 
middle  of  the  eighteenth  century. 

A  list  of  the  nautical  instruments  used  in  the  strange  and 
dangerous  voyage  of  Thomas  James  in  the  years  1631-32,  to 
discover  the  north-west  passage  through  the  Arctic  Sea,  in- 
cluded a  quadrant  of  old  seasoned  pear-tree  wood  divided  with 
diagonals  even  to  minutes,  four  feet  in  semidiameter ;  an  equi- 
lateral triangle  of  light  wood,  whose  radius  was  five  feet;  a 
wooden  quadrant  of  two  feet  semidiameter;  and  four  staves  for 
taking  altitudes  and  distances  in  the  heavens. 

In  1614,  the  system  of  working  a  ship's  course  by  trigono- 
metry was  introduced  by  Handson,  and  a  few  years  later  Qunter 
brought  out  his  scales  and  sector. 

In  1675  the  oflSce  of  Astronomer  Royal  was  created,  and 
observations  were  systematically  commenced  which  have  since 
enabled  this  department  to  place  at  the  disposal  of  mariners  the 
complete  and  reliable  information  with  which  every  navigating 
officer  is  furnished. 

J.  Flamstead  was  appointed  the  first  Astronomer  Royal.  The 
sum  of  £520  was  all  that  was  expended  in  the  establishment  of 
the  royal  observatory.  Flamstead's  salary  was  £100  a  year,  out 
of  which  he  had  to  purchase  his  instruments,  and  in  return  for 
which  ho  had,  in  addition  to  his  duties  as  astronomer,  to  teach 
two  of  the  boys  at  Christ's  Hospital  navigation.  He  commenced 
his  observations  with  an  iron  sextant  of  seven  feet  radius  and  a 
quadrant  of  three  feet  radius,  two  small  telesc6pes,  and  two  clocks. 
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The  observations  and  information  collected  by  Flamstead 
and  his  successors  led  to  the  publication  of  a  number  of  tables 
for  the  use  of  navigators  by  Maskeleyne,  the  Astronomer  Royal 
in  1767,  and  also  to  the  issue  of  the  ^  Nautical  Almanac" 
This  publication  contains  tables  giving  the  position  of  the 
moon  with  reference  to  the  fixed  stars  for  every  third  hour 
throughout  the  year,  the  position  of  the  various  planets,  and  the 
eclipses  and  occultations  of  Jupiter  and  his  satellites,  and  many 
similar  tables  required  by  mariners.  It  is  published  by  direction 
of  the  Admiralty  four  years  in  advance,  and  as  a  proof  of  its  use 
to  mariners,  it  may  be  stated  that  between  fifteen  and  sixteen 
thousand  copies  are  annually  disposed  of. 

In  1714,  the  British  Government  offered  a  reward  for  Uie 
discovery  of  a  means  of  accurately  determining  longitude  at 
sea ;  £20,000  was  to  be  given  for  any  method  giving  a  result 
within  thirty  miles  of  the  truth,  as  tested  on  a  voyage  between 
this  country  and  the  West  Indies,  and  £10,000  if  within  sixty 
miles.  Twenty-one  years  afterwards  Harrison,  a  watch-maker, 
received  £500  as  a  reward  for  the  construction  of  a  chronometer; 
and  later  on  £5000  for  an  improvement  on  his  first  invention ; 
and  the  whole  reward  was  paid  him  in  1773. 

tn  the  sixteenth  century  there  were  no  reliable  maps  or 
charts.  The  only  charts  in  use  were  called  '*  Waggoners,''  from 
the  Dutch  hydrographer,  Wagenhair,  who  produced  several  small 
charts  about  the  year  1584«.  In  1588  his  "Speculum  Nauticum," 
a  book  of  sailing  directions,  was  translated  into  English.  In 
1671  a  book  of  sailing  directions,  called  "  The  English  Pilot," 
was  issued  by  John  Sellers.  It  was  a  collection  of  sketches  of 
the  coasts  of  this  country,  of  the  North  Sea,  and  of  France  and 
Spain,  accompanied  by  sailing  directions  In  1795  the  office  of 
Hydrographer  was  established  at  the  Admiralty,  and  Alexander 
Dalrymple  appointed.  Captain  Hurd,  his  successor,  may  be  said 
to  have  originated  the  "  Charts  of  the  Coasts  and  Harbours  in  all 
Parts  of  the  World,"  which  are  now  issued  by  the  Hydrographic 
Department  of  the  Admiralty  at  a  y^jy  small  cost. 

In  the  same  department  are  also  prepared  the  various  volumes 
of  Sailing  Du*ections,  giving  particulars  of  the  nature  of  the  coast, 
the  set  of  the  tides,  the  depth  of  water,  and  other  particulars 
of  the  coasts  and  harbours  frequented  by  British  ships.  The 
various  charts  issued  by  the  department  at  the  present  time 
number  upwards  of  three  thousand,  and  over  a  hundred  and 
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sixty  thousand  are  issued  in  a  year.  The  Sailing  Directions 
extend  to  fifty  volumes,  in  addition  to  supplements  which  are 
constantly  being  issued.  The  cost  of  the  department  is  nearly 
£50,000  a  year,  exclusive  of  the  cost  of  about  seven  ships  of  the 
royal  navy  engaged  in  surveying. 

Standard  Saturn. — The  advantage  to  hydrographic  surveying 
of  having  a  common  standard  or  datum  to  which  all  observations 
can  be  referred  is  obvious. 

In  1860,  the  French  Government  issued  an  order  fixing  the 
datum  of  all  levels  for  France  on  the  mean  level  of  the  Mediter- 
ranean Sea  at  Marseilles.  This  is  known  as  the  zero  of  Bourda- 
loue,  and  is  used  on  all  plans  for  public  works  and  for  military 
purposes.  The  general  survey  of  France,  carried  on  since  1884, 
was  connected  with  the  Italian,  Austrian,  Dutch,  and  Qermdn 
systems,  which  embraced  points  on  the  coasts  of  the  Mediter- 
ranean, Atlantic,  North  Sea,  and  Baltic  and  enabled  the  mean 
level  of  these  seas  to  be  compared,  and  the  discrepancies  which 
previously  existed  to  be  corrected.  It  was  found  that  practically 
the  level  of  these  seas  is  the  same. 

In  1783,  under  the  advice  of  M.  Cassini,  the  French  and 
English  Governments  directed  that  a  series  of  triangles  should 
be  carried  from  London  to  Dover,  and  thence  connected  by 
observations  across  the  English  Channel  with  the  triangula- 
tion  already  executed  in  France,  so  as  to  ascertain  accurately 
the  relative  situation  of  the  Paris  and  Greenwich  observatories. 
In  order  to  cany  out  this  survey,  a  base-line  five  miles  long  was 
measured  on  Hounslow  Heath  in  1784.  This  was  remeasured 
in  1791,  and  formed  the  base-line  on  which  the  trigonometrical 
survey  of  this  country  was  founded. 

The  datum  for  the  level  of  the  ordnance  survey  adopted  by 
the  English  Government  is  the  mean  level  of  the  sea  at  Liver- 
pool, which  coincides  with  small  variations  with  the  level  all 
round  the  coast  It  was  also  assumed  by  the  committee  of  the 
British  Association  that  the  mean  level  of  the  sea  on  the  south 
side  of  the  English  Channel  is  the  same  as  on  the  coast  of  this 
country.  The  datum  used  by  the  Admiralty  for  their  charts  is 
the  mean  level  of  low  water  of  spring  tides  at  the  different  parts 
of  the  coast.  In  the  Appendix  will  be  found  a  table  in  which  the 
local  data  and  gauges  of  all  the  principal  ports  of  this  country, 
and  also  the  foreign  data,  are  reduced  to  the  common  standard  of 
the  English  ordnance  datum.    The  countries  which  have  adopted 
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the  mean  level  of  the  sea  as  their  datum  are  as  follows :  Belgium, 
the  mean  level  at  Ostend;  Spain,  at  Alicante;  Portugal,  at 
Casca^ ;  Russia,  the  Gulf  of  Finland ;  Holland  has  taken  the 
level  of  high  water  at  Amsterdam,  or  0*14  metre  ('459  feet) 
above  mean  level ;  Germany,  a  point  0*37  below  a  mark  on  the 
Observatory  at  Berlin,  which  is  about  '06  feet  above  the  mean 
level  of  the  Baltic  at  Swinemunde ;  Italy,  the  mean  level  of  the 
Mediterranean  at  Genoa ;  Austria  and  Hungary,  the  mean  level 
of  the  Adriatic  at  Trieste.  The  variations  of  the  mean  level  of 
the  different  seas  from  the  Mediterranean  as  found  from  the 
French  survey  is  given  in  the  table  in  the  Appendix. 

Hydranlie  Literature. — The  knowledge  of  hydraulics,  both 
theoretically  and  practically,  has  been  greatly  aided  in  its  de- 
velopment by  ^he  societies  which  have  been  established  in  this 
country  for  the  promotion  of  science.  The  contributions  by 
members  of  the  Royal  Society,  on  the  tides  and  other  subjects 
have  already  been  referred  to.  The  British  Association,  which 
commenced  its  meetings  in  1832,  has  also,  by  the  appointment 
of  cpmmittees  to  investigate  such  subjects  as  the  tides,  the 
theory  of  waves,  and  other  similar  subjects,  and  by  placing  funds 
at  their  disposal  for  the  purpose,  has  enabled  work  to  be  done 
and  different  subjects  investigated  which  in  other  countries  are 
only  undertaken  by  the  direction  and  at  the  cost  of  the  Govern- 
ment. 

In  1818  the  Institution  of  Civil  Engineers  was  established, 
and  incorporated  by  royal  charter  in  1828,  the  first  president 
being  Thomas  Tellford.  The  Proceedings  of  this  institution  con- 
tain most  valuable  records  of  papers  contributed  and  discussions 
held  thereon  on  all  subjects  connected  with  hydraulic  science 
from  which  materials  have  been  very  largely  drawn  in  the 
preparation  of  this  book.  Similar  institutions  of  engineers  have 
been  established  in  Ireland  and  in  Holland  and  America,  and 
the  Transactions  of  these  societies  contain  many  valuable  papers 
on  hydrology.  In  France  the  whole  of  the  works  for  the  use  of 
the  navigation,  both  on  the  Coast  and  in  the  interior,  are  under 
the  care  of  the  Government  A  special  department,  called  "  The 
Fonts  et  Chauss^es,"  with  a  large  staff  of  specially  trained 
engineers,  has  the  charge  and  maintenance  of  the  harbours,  rivers, 
and  canals,  and  all  new  works  are  designed  and  carried  out  by 
the  Government  engineers.  In  Holland,  although  many  large 
hydraulic  works  have  been  carried  out  by  private  enterprise,  the 
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care  generally  of  the  rivers  and  navigation  works  is  undertaken 
by  the  Government,  a  special  department,  termed  "  The  Water- 
staat/'  with  a  large  staff  of  engineers,  being  maintained  for 
the  purpose.  In  Belgium,  Germany,  and  Russia  the  navigable 
rivers  and  harbour  works  are  under  departmental  control.  In 
America  the  funds  for  the  improvement  of  the  large  navigable 
rivers  and  harbours  of  the  country  have  been  paid  for  by  votes 
appropriated  out  of  the  national  funds,  and  in  the  majority  of 
cases  have  been  carried  out  by  the  State  engineers.  There  is 
not,  however,  in  the  United  States  a  special  department,  the 
work  being  done  by  the  engineers  attached  to  the  army. 

The  meetings  of  the  International  Congress  on  navigation 
which  have,  within  the  last  few  years,  been  held  at  Brussels, 
Vienna,  Frankfort,  Manchester,  and  the  last  at  Paris  in  1892, 
have  been  the  means  of  disseminating  a  very  large  amount  of 
information  as  to  the  practice  of  hydraulic  engineering  in  the 
different  countries  of  the  world,  more  especially  with  reference 
to  interior  navigation.  The  papers  on  the  practice,  theory,  and 
economics  of  engineering  and  navigation  afford  a  wide  range  of 
information  on  these  subjects. 

In  1803,  J.  Phillips,  who  had  been  employed  by  Brindley 
in  the  construction  of  the  early  canals,  published  a  ''General 
History  of  Inland  Navigation,  Foreign  and  Domestic."  In  1831 ,  J. 
Priestley  also  published  an  ''  Historical  Account  of  the  Navigable 
Rivers  and  Canals  of  Great  Britain,"  with  a  large  map  in  six 
sheets.  Both  these  works  deal  chiefly  with  inland  navigation, 
and  afford  very  little  information  as  to  tidal  rivers. 

The  development  of  hydraulic  science  has  also  been  largely 
aided  by  books  contributed  by  engineers.  In  1841  a  treatise 
on  the  "  Improvement  of  the  Navigation  of  Tidal  Rivers ''  was 
published  by  W.  A.  Brookes,  the  engineer  of  the  river  Tyne. 
The  greater  part  of  this  work  is  devoted  to  the  examination 
of  the  cause  of  bars  in  rivers,  and  of  the  course  to  be  adopted 
for  obtaining  an  improvement  of  the  depth  over  bars.  Mr. 
Brookes's  theory  is  that  bars  are  due  to  the  flood-tide  being 
checked  by  the  back  water,  and,  being  of  greater  specific  gravity, 
endeavouring  to  force  its  way  up  under  the  outflowing  ebb  like 
a  wedge ;  being  unable  to  do  this,  it  merely  elevates  the  lighter 
effluent  water,  and  this,  being  checked  by  the  opposition  of  the 
tidal  water,  yields  to  the  latter  the  sand  and  other  materials  in 
suspension.    The  remedy  for  this,  he  suggests,  is  by  increasing 
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the  tidal  wave  and  effecting  the  rapid  discharge  of  the  back 
water.  He  also  controverts  the  contention  of  Frisi  as  to  the 
best  position  for  groynes  for  directing  the  current  of  a  river,  and 
advises  that  these  should  be  placed  at  right  angles  to  the  stream, 
on  the  ground  that  the  eddy  produced  at  the  back  of  a  groyne 
placed  in  this  position  prevents  damage  from  bodies  floating 
down  the  stream,  which  are  drawn  into  the  eddy  and  settle 
there.  These  and  the  deposit  of  the  matter  brought  in  suspen- 
sion in  the  water  speedily  fill  up  the  space  between  the  end 
of  the  groyne  and  the  shore.  Mr.  Brookes  also  contended  that 
in  training  a  tidal  river  there  is  an  advantage  in  giving  a 
preponderating  direction  of  the  stream  to  one  side  of  the 
channel  by  rendering  it  slightly  concave.  By  this  means 
he  contends  that  a  greater  depth  will  be  maintained  in  the 
channel  at  low  water  than  in  a  straight  channel;  that,  in 
training  work  carried  out  in  sandy  estuaries,  a  single  concave 
training  wall  will  be  frequently  found  sufficient  to  maintain  the 
channel  in  one  course ;  and  that  piers  at  the  mouths  of  rivers 
should  always  effect  their  junction  with  the  sea  by  a  concave 
pier  on  the  windward  side,  by  which  means  the  outer  division 
or  convex  side  of  the  pier  would  shelter  the  interior  of  the 
channel  from  the  prevailing  gales,  and  prevent  the  range  of  the 
waves  running  along  the  face  of  the  pier.  He  considers  that  a 
curve  having  a  radius  of  three  miles  will  ensure  a  more  easy 
navigation  than  is  found  in  channels  having  straight  reaches. 

In  the  year  1844  a  Royal  Commission  was  appointed  to 
inquire  into  the  condition  of  the  harbours  of  this  country. 
Every  port  of  consequence  in  Qreat  Britain  was  inspected,  and 
local  inquiries  held*  The  attention  and  inquiries  of  the  com- 
missioners seem  to  have  been  principally  directed  to  the  necessity 
of  having  a  controlling  authority  over  harbours  and  tidaJ 
rivers ;  and  to  the  damage  which  had  been  done  by  landowners 
and  others  by  enclosing  spaces  covered  by  tidal  waters,  thus 
diminishing  the  quantity  of  tidal  scour,  and  deteriorating  the 
outfalL  The  inquiry  extended  over  the  years  1845-7,  and  the 
report  and  evidence  collected,  with  plans  of  several  of  the  ports,- 
were  published  in  four  volumes. 

In  1853,  Captain  Calver,  who  was  employed  for  several 
years  in  the  hydrographic  department  of  the  navy,  and  in  the 
course  of  his  duties  was  engaged  upon  surveys  of  most  of 
the  estuaries  and  ports  in  this  country,  published  his  valuable 
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treatise  on  *'The  Conservation  and  Improvement  of  Tidal 
Rivers,"  and  supplied  the  first  code  for  guidance  in  the 
management  of  tidal  channels  which  had  been  published. 
Captain  Calver  contends  that  every  portion  of  the  tidal 
expanse  of  a  river  has  a  value  peculiar  to  itself,  and  that 
reductions  of  the  tidal  capacity  must  lead  to  a  deterioration  of 
the  channel,  the  fresh  water  alone  being  powerless  to  maintain 
a  sea  outlet;  that  the  supply  of  material  which  encumbers  a 
river  comes  from  the  interior,  and  not  from  the  sea;  that  the 
improvement  of  the  tidal  propagation  is  a  test  of  the  improve- 
ment of  the  tidal  compartment  of  a  river.  These  and  the  other 
matters  dealt  with  by  Captain  Calver  will  be  referred  to  more 
fully  in  a  future  chapter*  Captain  Calver  devotes  one  chapter 
of  his  book  to  bars  and  the  theories  which  have  been  put  forward 
to  account  for  their  formation,  and  points  out  that  it  is  a  hope* 
less  task  to  attempt  to  get  rid  of  bars  in  tidal  rivers  by  project- 
ing piers  or  other  works  solely  with  a  view  of  reaching  beyond 
the  region  of  movable  matter,  as  the  collection  of  matter  about 
such  a  projection  is  merely  a  matter  of  time ;  and  that  the  true 
direction  of  improvement  is  by  establishing  the  preponderance 
of  the  inner  scouring  power  as  the  superior  one,  and  that  piers 
should  be  desis^ned  with  a  view  to  achieve  this  end. 

In  1843  a  work  on  tidal  rivers,  containing  descriptions  of 
the  principal  tidal  rivers  in  France  and  the  means  adopted  for 
their  improvement,  was  published  in  Paris  by  M.  Bouncieau ; 
and  in  1861  a  work  on  the  action  of  the  tides  in  rivers  by 
M.  Partiot* 

The  work  on  "  River  Engineering,"  published  by  Mr.  David 
Stevenson  in  1858,  and  on  "  Harbours,"  by  Mr.  Thomas  Steven- 
son, were  both  founded  on  articles  which  had  previously  appeared 
in  the  "Encyclopaedia  Brittannica."  Mr.  Stevenson's  work  on 
"  River  Engineering  "  was  the  result  of  a  very  extended  range 
of  practical  information  acquired  by  him  from  surveys  and 
works  carried  out  under  the  direction  of  his  firm  on  many  of 
the  principal  rivers  of  this  country,  and  may  be  considered  as 
the  standard  work  on  the  subject.  His  book  deals  generally 
with  the  laws  relating  to  the  motion  of  water,  and  the  principles 
to  be  observed  in  carrying  out  works  for  the  improvement  and 
maintenance  of  rivers  and  channels ;  but  its  principal  value  is 
the  record  of  facts  observed  and  the  description  of  works  carried 
out.    With  regard  to  tidal  rivers,  he  generally  endorses  the 
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doctrines  laid  down  by  Captain  Calver,  and  thus  summarizes 
the  objects  to  be  sought  and  the  beneficial  effects  to  be  obtained 
from  works  of  improvement  when  carried  out  on  correct  prin- 
ciples :  To  deepen  the  level  of  the  low-water  line.  To  increase 
the  range  of  the  tide.  To  accelerate  the  propagation  of  the  tide 
through  the  channel  of  the  river.  To  prolong  the  duration  of 
the  tide  in  the  river.  To  equalize  the  velocity  of  the  tidal 
currents,  removing  rapids  and  bores.  To  add  to  the  beneficial 
scouring  power  of  the  river,  and  to  increase  the  navigable  depth. 
Mr.  Thomas  Stevenson's  work  on  "  Harbours  "  is  a  practical 
manual  on  the  construction  of  works  designed  to  resist  the 
action  of  the  sea  and  waves,  and  contains  a  large  amount  of 
information  as  to  the  power  of  the  water  on  works  of  defence 
and  other  matters,  derived  from  a  wide  experience  in  designing 
and  carrying  out  piers  and  harbours  and  lighthouses. 

Mr.  Vernon  Harcourt's  book  on  "  Rivers  and  Canals,"  pub- 
lished in  1882,  and  his  ''  Harbours  and  Docks,"  in  1885,  describe 
the  physical  characteristics  of  some  of  the  principal  navigable 
rivers,  and  of  the  works  which  have  been  carried  out  for  their 
improvement,  and  for  providing  accommodation  for  navigation. 
These  works  afford  valuable  information  to  the  hydraulic  engineer 
engaged  in  practical  work. 

In  1884  Sir  Charles  Hartley  delivered  a  lecture  before  the 
Institution  of  Civil  Engineers,  being  one  of  a  series  on  Hydro- 
namics,  on  the  ''  Inland  Navigation  of  Europe,"  in  which  will 
be  found  a  full  account  of  the  works  carried  out  for  the  improve- 
ment of  the  Danube,  and  a  description  also  of  the  condition  of 
the  principal  navigable  rivera  of  Europe.  The  Danube  works 
will  also  be  found  further  described  in  papers  by  the  same 
author  in  the  Minutes  of  Proceedings  of  the  Institution  of  Civil 
Engineers. 

In  1881  Mr.  J.  T.  Mann  published  a  treatise  on  the  cause 
of  formation  and  treatment  of  bars.  Mr.  Mann,  from  experience 
gained  in  connection  with  the  works  for  the  improvement  of  the 
bai'  of  the  Liffey  in  Dublin  harbour,  considers  that  the  most 
effectual  way  of  dispersing,  and  preventing  the  re-formation  of 
bars  is  by  what  he  terms  "  induced  tidal  scour,"  or  the  concen- 
tration a  large  body  of  tidal  water  on  the  particular  part  of  the 
channel  which  requires  deepening. 

A  very  valuable  addition  was  made  to  hydraulic  literature 
by  the  publication  in  1851  of  the  "Manual  of  Hydrology,". by 
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N.  Beardmore.  The  author  of  this  work,  during  a  long  career 
as  engineer  engaged  in  river  work,  had  collected  together  a  great 
mass  of  facts  and  statistics  relating  to  hydraulic  engineering, 
and  as  to  tides  and  the  physical  conditions  of  rivers.  In  his 
"  Manual  of  Hydrology  "  he  has  given  many  of  these,  together 
with  a  large  number  of  tables,  for  calculating  discharges  and  for 
other  purposes.  This  book  still  remains  the  standard  hand- 
book of  the  hydraulic  engineer. 

The  works  of  Downing  and  Neville,,  published  about  thirty 
years  ago,  made  a  considerable  addition  to  the  knowledge  of 
theoretical  engineering.  More  recently  works  have  been  pub- 
lished by  Merriman  and  Flynn  on  the  same  subject  in  America. 

Downing,  in  his  "Elements  of  Practical  Hydraulics,"  gives  a 
simple  adaptation  of  the  formula  of  Chezy  for  ascertaining  the 
velocity  of  water  in  rivers  and  open  channels  which  has  the 
merit  of  simplicity,  requiring  few  figures  in  its  working.  By 
this  formula  the  velocity  found  is  the  product  of  the  square 
root  of  the  hydraulic  mean  depth  multiplied  by  twice  the  fall 
per  mile,  reduced  by  a  constant  depending  on  the  character  of 
the  stream  :  V  =  VR"x~2F  x  C.  Neville's  book  of  "Hydraulic 
Tables  and  Coefficients"  contains,  besides  the  tables,  a  con- 
siderable amount  of  information,  derived  chiefly  from  experi- 
ence gained  in  the  works  carried  out  for.  the  improvement  of 
the  rivers  and  drainage  of  Ireland. 

In  1870  Herr  Kutter  and  M.  Oanguillet  made  a  series  of 
experiments  on  watercourses  in  Switzerland,  with  the  object  of 
deducing  a  more  exact  law  for  the  effect  of  roughness  and 
declivity  on  the  discharge,  and,  as  the  result  of  their  observa- 
tions, produced  a  formula  sufficiently  variable  to  be  adapted  to 
rivers  and  channels  .of  varying  character.  Kutter's  "  Hydraulic 
Tables,"  translated  by  L.  D.  A.  Jackson,  was  published  in 
this  country  in  1876.  The  formula  is  complicated,  and,  the 
observations  having  been  made  on  rivers  having  steep  inclina- 
tions and  high  velocities,  the  coefficients  do  not  give  any  more 
exact  results  when  applied  to  tidal  rivers  than  can  be  obtained 
with  a  formula  of  more  simple  character. 

About  the  year  1880  a  series  of  velocity  observations  was 
made  by  Major  Allan  Cunningham  on  the  canals  in  India  for 
the  Oovemment,  and  also  with  the  object  of  settling  a  formula 
for  obtaining  the  velocity  in  canals  and  irrigation  channels. 

In  1861  the  Government  of  the  United  States  voted  funds 
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for  an  investigation  of  the  conditions  attaching  to  the  river 
Mississippi,  with  a  view  to  obtaining  correct  information  as  to 
the  cause  and  means  of  preventing  floods  and  the  constant 
changes  in  the  course  of  the  river.  The  result  of  this  survey 
was  given  in  a  report  by  Humphreys  and  Abbot,  published  in 
1861.  Beyond  the  knowledge  to  be  derived  from  a  study  of  the 
facts  recorded,  this  work  has  not  added  much  to  what  was  pre- 
viously known,  except  perhaps  as  to  the  mean  velocity  of  water 
flowing  in  a  large  river. 

Messrs.  Humphreys  and  Abbot  having  conducted  a  large 
number  of  experiments,  and  compared  the  results  with  those 
obtained  with  the  existing  formulae,  found  that  none  of  those 
having  a  fixed  coefficient  agreed  with  their  researches,  and  that 
the  coefiicients,  when  variable,  extended  over  a  very  wide  range. 
They  therefore  produced  a  new  formula,  in  which,  in  place  of 
the  hydraulic  mean  radius,  a  new  term,  called  the  prime  radius, 
was  adopted,  being  the  breadth  of  the  surface  added  to  the  pro- 
duct of  the  area  divided  by  the  perimeter.  The  fourth  root  of 
the  inclination  was  also  taken  instead  of  the  square  root.  Their 
formula  will  be  found  in  the  Appendix. 

In  1873  a  similar  investigation  was  made,  at  the  instance 
of  the  Argentine  Confederation,  of  the  rivers  Parana,  Uruguay, 
and  La  Plata,  by  J.  J.  Revy,  the  results  being  given  in  the 
work  on  "  Hydraulics  in  Great  Rivers."  A  great  deal  of  valuable 
information  will  be  found  in  this  book  as  to  the  flow  and  dis- 
charge of  water  in  large  rivers  having  a  very  small  surface 
inclination,  and  as  to  the  efiect  of  the  tides  at  great  distances 
from  the  sea.  Information  is  also  afforded  as  to  the  method  of 
surveying  rivers  of  this  character,  and  the  use  of  floats  and 
current-metres  for  ascertaining  the  velocity. 


CHAPTER  11. 

HISTOBICAL   ACCOUNT   OF  WOBKS  CARRIED    OUT    FOB   THE   IM- 
PROVEMENT OF  TIDAL  BIYEBS  AND  NAVIGATION. 

Although  the  science  of  hydraulics  has  been  reduced  to  exact 
laws  within  modem  times,  very  extensive  hydraulic  works  were 
carried  out  by  the  ancients.  These  were  principfiJly  in  con- 
nection with  inland  navigation,  water-supply,  and  the  drainage 
and  reclamation  of  land. 

It  is  a  remarkable  circumstance  that,  considering  the  large 
extent  of  the  land  compared  to  the  population  that  existed  in 
the  early  days  of  the  world,  such  labour  and  cost  should  have 
been  expended  in  draining  and  embanking  lands  which  other- 
wise would  have  been  uninhabitable.  A  very  considerable  tract 
of  land  was  made  habitable  by  drainage  by  the  Romans  in  Italy. 
The  greater  part  of  Holland  exists  only  by  the  aid  of  artificial 
works,  and  was  reclaimed  from  the  sea  by  the  skill  of  the  early 
engineers.  In  this  country  a  very  extensive  tract  of  land  on 
the  east  coast  was  enclosed  from  the  sea  by  embankments 
extending  for  several  miles  along  the  coast  and  up  the  rivers. 
In  modem  times  some  of  the  principal  settlements  in  America 
are  along  the  course  of  the  Mississippi,  the  water  of  which  river 
is  with  difficulty  restrained  from  inundating  the  reclaimed  lands 
by  massive  embankments. 

The  earliest  navigators  of  whom  we  have  any  record  were 
the  Phoenicians,  and  their  principal  city,  Tyre,  was  built  on  a 
series  of  islands  which  ran  parallel  with  the  shore  of  the  main 
land,  and  thus  formed  a  natural  breakwater*  These  islands  were 
united  in  the  time  of  King  Hiram  by  filling  up  the  space  between 
them.  The  area  of  the  island  was  also  enlarged  by  filling  up 
the  sea  with  stone  and  earth  brought  from  the  mainland.  The 
Phoenicians  possessed  a  large  fleet  of  boats,  in  which,  as  early 
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as  the  thirteenth  century  before  the  Christian  era,  they  navi- 
gated the  Mediterranean^  and  their  merchantmen  traversed 
unexplored  countries,  freighting  their  vessels  with  their  own 
wares  and  those  of  Egypt  and  Assyria.  Their  vessels  passed 
through  the  Straits  of  Oibraltar,  and  colonies  were  established 
in  Spain  and  the  Scilly  Islands ;  they  also  came  to  this  country 
to  fetch  supplies  of  tin  and  lead  for  importation  into  Greece 
and  Asia,  leaving  in  exchange  pottery,  salt,  and  cloth.  For  the 
protection  of  their  vessels  the  Tyrians  constructed  two  harbours. 
That  on  the  north  had  piers  of  stone  carried  out  from  the  shore 
about  700  feet   into  the  sea,  leaving  an  opening  of  100  feet, 

and  enclosing  a  space  of 
about  fifteen  acres.  The 
harbour  was  thus  made 
secure  from  the  effect  of  the 
north  wind.  A  breakwater 
and  harbour  was  also  con- 
structed on  the  south  of  the 
island  rather  more  capacious 
than  that  on  the  north,  the 
two  being  connected  to- 
gether by  a  canal  excavated 
through  the  middle  of  the  city  (see  Fig.  1). 

In  ancient  Egypt  very  considerable  works  were  carried  out 
in  the  construction  of  canals  for  facilitating  the  navigation  of  the 
interior  and  for  irrigation.  A  canal  was  made  for  the  purpose 
of  effecting  a  junction  between  the  Nile  and  the  Red  Sea, 
thus  opening  up  a  communication  for  vessels  coming  from  the 
East  by  the  Red  Sea  to  the  Nile  and  the  Mediterranean,  and 
so  to  Greece  and  Rome.  Another  large  hydraulic  work  was  the 
conversion  of  the  large  depression  in  the  Fayoum  country  on 
the  east  side  of  the  Nile  into  the  famous  lake  Moeris,  which  had 
a  circumference  of  four  hundred  and  fifty  miles.  This  lake  was 
constructed  for  irrigation,  and  was  supplied  by  the  canal  known 
as  the  Bahr  Josuf,  its  name  lending  credence  to  the  tradition 
that  it  was  cut  in  the  time  of  the  Pharaohs,  under  the  direction 
of  Joseph.  It  leaves  the  Nile  at  Assiout,  and,  running  for  two 
hundred  and  fifty  miles  nearly  parallel  with  it,  but  at  a  less 
inclination,  gradually  assumes  a  higher  elevation,  and,  after 
entering  the  Fayoum  through  a  narrow  pass,  discharged  its 
water  into  the  lake.    A  strong  testimony  in  favour  of  the  skill 
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with  which  this  work  was  designed  is  given  by  the  fact  that 
one  of  the  most  prominent  and  feasible  schemes  now  occupying 
the  attention  of  the  Egyptian  authorities  for  improving  the 
irrigation  of  Egypt  is  the  plan  of  Mr.  Cope  Whitehouse  for 
restoring  the  area  occupied  by  the  site  of  Lake  Moeris  to  its 
original  purpose. 

The  great  canal  of  China  is  supposed  to  have  been  con- 
structed at  a  very  early  date  in  the  world's  history.  It  runs 
from  north  to  south  of  the  empire,  extending  from  Canton  on 
the  south  to  Pekin  on  the  north,  a  distance  of  825  miles,  along 
which  vessels  of  one  hundred  tons  were  able  to  navigate.  Its 
breadth  is  50  feet,  and  depth  9  feet  In  addition  to  the  Grand 
Canal,  the  country  has  been  intersected  in  every  direction  by 
smaller  waterways,  which  are  used  for  the  purposes  of  navigation 
and  irrigation. 

Both  the  Oreeks  and  Romans  constructed  harbours  for  the 
protection  of  their  vessels,  which  traded  with  the  Egyptian, 
Phoenician,  and  other  ports.  Remains  of  the  ancient  Oreek  piers 
are  to  be  found  at  the  present  time.  The  Romans  carried  out 
considerable  harbour  works  at  Ancona,  Civita  Vecchia,  and 
Ostia.  At  the  latter  place  two  long  walls  were  run  out  in  the 
time  of  the  Emperor  Trajan,  and  the  entrance  protected  by  a 
stone  breakwater,  enclosing  an  area  of  about  one  hundred  and 
forty  acres,  in  which  there  was  a  depth  of  18  feet.  A  light- 
house 200  feet  high  was  erected  at  the  outer  end  of  the  pier. 
In  the  harbour  there  were  also  one  and  a  half  mile  of  quays, 
and  large  warehouses  for  storing  grain.  The  Romans  also 
carried  out  extensive  works  for  regulating  the  Tiber,  and  for 
draining  and  reclaiming  marsh  lands  in  Italy  and  the  countries 
which  they  conquered.  In  this  country,  in  addition  to  the 
embankments  which  they  constructed  for  reclaiming  the  Fen- 
land,  they  also  cut  the  canal  known  as  the  Fosdyke  running 
from  Lincoln  to  the  Trent,  and  the  Cardyke  running  from 
Lincoln  to  the  river  Nene.  The  former,  eleven  miles  in  length, 
is  still  in  use  as  a  navigation ;  and  the  latter,  forty  miles  long,  is 
partially  used  as  a  means  of  drainage.  After  the  time  of  the 
Romans,  a  long  interval  appears  to  have  elapsed  before  there  is 
any  record  of  attention  being  paid  to  works  of  navigation  or 
drainage. 

About  the  end  of  the  fourteenth  century  Leonardo  da  Vinci 
first  made  use  of  the  principle  of  the  lock  in  the  canal  called  the 
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Naviglio  Grande,  from  the  Ticino  to  Milan.  The  invention  of 
the  lock  as  a  means  of  overcoming  the  variations  in  level,  and  in 
obtaining  a  regular  depth  of  water,  gave  considerable  impulse 
to  the  extension  of  inland  navigation.  The  first  application  of 
locks  in  this  country  was  by  John  Trew  on  the  Exeter  Canal 
in  1566. 

In  1666  Pierre  Paul  Riquet  commenced  the  works  on  the 
famous  Canal-du-Midi,  or,  as  it  is  generally  called,  the  Grand 
Canal  of  Languedoc.  This  canal  crosses  the  isthmus  which 
connects  France  and  Spain,  and  extends  from  the  river  Garonne 
at  Toulouse  to  Cette  on  the  Mediterranean,  thus  providing  a 
waterway  from  the  Mediterranean  to  the  Atlantic  The  length 
of  the  navigation  is  158  miles.  It  rises  207  feet,  and  has  a 
hundred  locks,  passes  over  several  rivers,  and  in  one  place  is 
carried  by  a  tunnel  through  the  mountains.  It  terminates  in  a 
harbour  and  a  sea  entrance  at  Cette.  The  cost  of  this  canal 
was  £1,320,000.  In  addition  to  the  numerous  engineering  diffi- 
culties  which  Riquet  successfully  overcame,  he  was  continually 
embarrassed  by  the  want  of  funds.  Considering  the  boldness  of 
the  undertaking,  the  number  of  constructional  works  required, 
and  the  want  of  previous  experience,  this  must  be  regarded  as  a 
work  which  reflected  immense  credit  on  Riquet  as  an  hydraulic 
engineer. 

The  Early  Engineers. — In  1478  Bishop  Morton  made  a  com- 
mencement in  the  improvement  of  the  rivers  draining  through 
the  fen  country  in  the  east  of  England,  by  making  a  new 
channel  for  the  river  Nene  from  Peterborough  to  Guyhim.  It 
was  not,  however,  till  the  middle  of  the  seventeenth  century 
that  the  work  was  continued,  when  a  large  amount  of  money 
was  expended  by  adventurers  in  attempts  to  reclaim  the  fen. 

There  had  been  so  little  work  for  hydraulic  engineers  in 
England  that  it  became  necessary,  when  such  services  were 
required  in  this  country,  to  obtain  them  from  other  countries, 
and  generally  from  Holland.  The  engineer  whose  name  has 
left  the  most  enduring  record  behind  him  was  Cornelius 
Vermuyden,  a  Dutchman,  who  was  brought  over  from  Holland 
in  1621  to  stop  a  breach  which  had  occurred  in  the  banks  of 
the  Thames.  He  was  afterwards  employed  in  the  drainage  of 
Hatfield  Chase,  which  he  accomplished  by  carrying  the  water 
direct  to  the  Trent  by  the  river  Idle;  embanking  the  river 
Don,  and  providing  a  new  outfall  for  it  by  a  cutting  called  the 
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Dutch  River,  which  joins  the  Ouse  near  Qoole,  and  is  both 
tidal  and  navigable  for  barges.  Subsequently  he  was  employed 
on  the  great  level  of  the  fens. 

Westerdyke,  another  Dutch  engineer,  was  also  called  to 
advise  on  the  works  to  be  carried  out. 

Vermuyden  and  Westerdyke  held  different  views  as  to  the 
principles  on  which  the  works  of  improvement  should  be  carried 
out.  Westerdyke  contended  for  the  views  originally  taught  by 
Guglielmini,  that  the  water  should  all  be  concentrated  in  one 
main  channel;  that  the  first  consideration  should  be  the  im- 
provement of  the  outfEdl  and  the  trunk  rivers,  and  the  free  run 
of  the  tides  up  those  rivers.  Vermuyden,  on  the  other  hand, 
advised  the  separation  of  the  drainage  water  from  the  tidal,  and 
the  carrying  of  this  by  long  straight  cuts,  often  running  neai-ly 
parallel  with  the  rivers.  Thus  the  old  Bedford  River,  21  miles 
long  and  70  feet  wide,  was  cut,  extending  from  Erith  to  Denver, 
and,  running  nearly  parallel  with  the  Ouse,  with  the  object  of 
relieving  and  taking  off  the  floods  in  that  river.  Other  large 
main  drains  were  also  made,  diverting  the  water  from  the  upper 
part  of  the  Ouse  and  discharging  it  lower  down,  by  which  means 
an  outfall  for  the  lowlands  was  obtained,  which  hitherto  had 
been  more  or  less  under  water.  These  drains  were  protected 
by  self-acting  doors  where  they  joined  the  tidal  river,  which 
allowed  the  drainage  to  flow  out  at  low  water,  and  prevented  the 
tides  from  flowing  up  the  drains.  Vermuyden's  plan  lent  itself 
more  readily  to  the  circumstances  of  the  case  than  Westerdyke's, 
as  the  latter  required  the  united  action  of  all  the  parties  in- 
terested^ whereas  Vermuyden's  system  could  be  carried  out  piece- 
meal, each  district  effecting  its  own  drainage  independent  of  the 
others.  The  latter  system  prevailed  in  all  the  early  works  of 
drainage.  As  a  general  system  it  proved  a  failure,  and  works 
had  to  be  subsequently  carried  out  for  deepening  and  straighten- 
ing the  main  rivers,  and,  by  concentrating  the  flow  of  the  water, 
maintaining  the  channels  by  scour  to  their  outfalls.  The  fact 
that  it  was  found  necessary  to  lift  the  water  out  of  Vermuyden's 
drains  by  wheels  driven  by  wind-power,  and  afterwards  by 
steam,  testified  to  the  failure  of  the  system. 

Had  Westerdyke's  advice  been  followed,  the  expenditure  of 
large  sums  of  money  and  the  waste  of  a  large  area  of  land  by 
the  making  of  unnecessary  drains  would  have  been  saved.  Even 
if    the  conservation  of   the  main  river  had  not  provided  a 
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sufficiently  low  outfall  tot  the  discharge  of  the  water  off  the 
low  lands  by  gravitation,  it  could  have  been  pumped  direct 
into  the  river,  instead  of  first  having  to  traverse  a  long  length 
of  unnecessary  drain.  This  fact  has  since  been  realized,  and  the 
improvement  of  the  outfalls  tardily  carried  out,  showing  the 
correctness  of  the  principles  of  the  early  engineers  as  to  the 
advantage  of  the  scour  derived  from  a  concentration  of 
water. 

The  fen  country  may  be  considered  the  nursery  of  modem 
river-engineering.  All  the  early  English  engineers  were  engaged 
in  or  consulted  as  to  the  works  carried  out  for  the  improvement 
of  the  tidal  rivers  as  bearing  on  the  reclamation  of  the  Fen- 
land.  Following  at  a  considerable  interval  after  Vermuyden, 
the  adventurers  sought  the  advice  and  assistance  of  Captain 
Perry,  who  had  successfully  accomplished  the  stopping  of  the 
great  breach  in  the  banks  of  the  Thames  at  Dagenham,  and 
was  also  extensively  employed  in  carrying  out  navigation  works 
in  Russia. 

After  Perry  came  Nathaniel  Kinderley  who  first  advised 
and  prepared  the  design  for  straightening  the  river  Ouse  by 
the  Eau  Brink  Cut  above  Lynn,  which  was  afterwards  carried 
out  under  the  direction  of  Rennie,  effecting  a  depression  in 
the  low-water  line  of  the  river  of  not  less  than  8  feet,  an 
enormous  advantage  to  the  drainage  of  a  large  tract  of  low  fen- 
land.  He  also  improved  the  Nene  by  a  new  cut  below  Wisbech. 
Kinderley  was  also  engaged  in  carrying  out  the  new  channel 
of  the  river  Dee  from  Chester  to  Flint,  and  the  works  pertaining 
to  the  reclamation  of  the  large  area  of  land  which  became  the 
property  of  the  Dee  Reclamation  Company.  Other  names  of 
engineers  engaged  on  the  fen  rivers  were  Elstob,  Grundy, 
Chapman,  Langley  Edwards,  Qolborne,  Thomas  Telford,  Smeaton, 
Huddart,  John  Rennie,  and  James  Walker.  While  some  of 
these  are  forgotten,  the  names  of  others  are  still  familiar,  and 
will  always  be  remembered  by  the  works  which  they  carried 
out  in  other  parts  of  the  country,  and  which  remain  as  enduring 
monuments  of  their  skill.  Langley  Edwards  was  the  engineer 
to  whose  hands  was  committed  the  carrying  out  of  the  works 
necessary  for  making  a  new  cut  for  the  river  Witham  above 
Boston,  and  for  the  improvement  of  the  drainage,  and  also 
for  rendering  the  river  navigable.  This  scheme  involved  the 
construction  of  the  structure  known  as  the  Grand  Sluice,  by 
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means  of  which  the  tidal  water  is  excluded  from  the  river  at 
a  point  about  eight  miles  from  the  estuary.  The  policy  of  thus 
stopping  the  free  run  of  the  tide  was  the  subject  of  much 
controversy  at  the  time,  and  was  condemned  by  Elstob, 
Chapman,  Telford,  and  Rennie,  and  more  recently  by  Sir  John 
Hawkshaw.  Smeaton,  however,  who  was  engaged  in  reporting 
on  the  Witham  about  the  time  when  this  dluice  was  erected, 
appears  to  have  approved  of  the  principle,  and  afterwards 
advised  a  similar  treatment  for  the  Clyde. 

The  name  which  stands  out  most  prominently  amongst  the 
engineers  engaged  on  the  fen  rivers  is  that  of  John  Rennie. 
The  works  which  he  carried  out  for  the  drainage  of  the 
Lincolnshire  fens,  and  for  Hatfield  Chase  and  the  Isle  of 
Axholm,  and  the  substantial  stone  sluices  and  bridges  which  he 
constructed  at  the  outfall  of  his  drains,  remain  as  enduring 
monuments  of  his  skill  The  principle  on  which  Rennie  acted 
in  these  works  was  first  to  provide  for  the  high-land  water 
by  cuts  discharging  into  the  river,  and  to  carry  the  low- 
land drainage  water  by  independent  channels.  He  always 
advised  the  maintenance  and  integrity  of  the  trunk  rivers, 
and  designed  his  works  accordingly,  although  in  some  instances 
his  advice  was  overruled,  and  he  had  to  submit  to  the  wishes 
of  his  employers.  These  works  of  fen  drainage  were  sufiicient 
to  have  formed  the  reputation  of  any  engineer,  but  were  only  a 
very  small  part  of  the  work  of  Rennie.  There  is  hardly  a  tidal 
river  or  harbour  in  the  kingdom  whose  records  do  not  contain 
reports  made  by  him,  and  in  most  of  which  will  be  found 
breakwaters,  piers,  docks,  or  works  of  river  improvement  which 
were  earned  out  by  him. 

Inland  Vavigation. — In  the  early  days  of  the  history  of  the 
navigation  of  this  country  ships  were  principally  engaged  in 
the  commerce  existing  between  England  and  Flanders,  Nor- 
mandy, and  the  country  along  the  Rhine.  The  nearest  and 
most  convenient  port  for  these  vessels .  was  the  estuary  of 
the  Wash  on  the  East  coast,  and,  apart  from  London,  the 
two  Wash  ports,  Boston  and  Lynn,  had  a  larger  amount  of 
shipping  than  any  other  places.  The  merchandise  brought 
to  liiese  ports  was  carried  for  a  considerable  distance  into 
the  interior  by  means  of  the  Ouse,  the  Witham,  and  the  other 
fen  rivers. 

Down  to  the  middle  of  the  last  century  the  foreign  trade  and 
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commerce  of  this  country  was  comparatively  insignificant.  This 
was  in  a  great  measure  due  to  the  want  of  means  of  interior 
communication.  While  France,  Holland,  Russia,  and  Italy  had 
been  developing  their  inland  waterways,  and  thus  opening  up 
means  of  communication,  in  this  country  merchandise  brought 
from  abroad  had  to  be  conveyed  into  the  interior  of  the  country 
by  pack-horses.  Although  provided  with  good  natural  harbours 
on  the  coast,  and  with  tidal  rivers  running  up  into  the  country, 
scarcely  anything  had  been  done  up  to  the  seventeenth  century 
to  take  advantage  of  these  natural  waterways  and  to  extend 
navigation  inland,  either  by  improving  the  rivers  or  by  means 
of  canals.  In  a  work  entitled, ''  England's  Improvement  by  Sea 
and  Land,"  published  in  1677,  one  Andrew  Yarranton  called 
attention  to  what  had  been  done  by  the  Dutch  to  facilitate 
navigation,  and  urged  that  England  should  follow  their  example. 
He  contended  that  England  possessed  great  natural  advantages 
in  having  large  rivers  well  situated  for  trade,  with  plenty  of 
material,  such  as  wood,  iron,  coal,  tin,  lead,  wool,  and  other 
products  to  trade  with,  but  that  these  could  not  be  used  to 
advantage  without  means  of  transport.  He  proposed  that  the 
upper  pai*t  of  the  Thames  should  be  improved  and  connected 
with  the  Severn  and  the  Avon.  When  this  was  done,  material 
could  be  transported  from  Bristol,  Staffordshire,  Cheshire,  and 
Wales,  to  London. 

The  opening  up  of  trade  with  India,  after  the  establishment 
of  the  East  India  Company,  led  to  a  considerable  increase,  not 
only  in  the  number,  but  size,  of  the  ships  employed,  which 
received  a  still  further  development  as  the  colonies  established 
in  America  grew  in  number  and  importance. 

There  can,  however,  be  no  question  that  England  could  never 
have  attained  the  pre-eminence  she  now  holds  as  a  trading 
country  but  for  the  facilities  afforded  for  the  transport  of 
merchandise  by  the  system  of  water-carriage  due  to  the 
construction  of  canals.  The  opening  of  the  Bridgwater  Canals 
about  1761  not  only  reduced  the  cost  of  the  conveyance  of 
minerals  and  merchandise  to  one-fourth  what  it  had  previously 
been,  but  also  provided  a  means  of  transporting  them  in  large 
quantities.  The  greatly  increased  number  of  ships  required  to 
accommodate  the  traffic  brought  to  Liverpool  by  the  new  canals 
raised  it  to  a  first-class  port.  Following  on  the  opening  of  these 
canals,  the  tonnage  of  English  ships  increased  threefold.    As 
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Liverpool  and  Manchester  owe  their  rise  to  the  Duke  of 
Bridgwater's  canals,  so  Leeds  may  ascribe  its  prosperity  to 
the  Aire  and  Calder  system.  Birmingham  would  never  have 
developed  its  hardware  trade  but  for  canals  connecting  it  with 
Liverpool  and  the  seaports.  The  potteries  and  the  salt  dis- 
tricts were  developed  by  the  Grand  Junction  Canal  and  the 
canalized  river  Weaver.  London  could  not  have  retained  its 
position  as  the  chief  port  of  the  kingdom  but  for  the  canals 
which  distributed  the  produce  brought  from  foreign  ports,  and 
conveyed  the  goods  exported  from  the  interior  by  the  system 
which  placed  its  river  and  docks  in  communication  with  all 
parts  of  the  country. 

James  Brindley,  to  whose  great  perseverance,  genius,  and 
skill  was  due  the  carrying  out  of  the  system  of  canals  for  con- 
necting the  Duke  of  Bridgwater's  collieries  with  Manchester 
and  also  with  Liverpool,  and  the  subsequent  canal  system  which 
extended  all  over  the  country,  was  a  self-taught  engineer,  and 
a  thorough  example  of  the  type  of  what  all  our  great  engineers 
have  been*  Having  a  true  mechanical  genius  and  a  capacity 
of  adapting  the  resources  at  his  command  to  the  results  he 
had  to  accomplish ;  not  relying  on  what  had  been  done  before, 
but  originating  new  plans  of  his  own ;  thoroughly  self-reliant, 
honest,  and  hard-working,  with  a  dogged  determination  never 
to  be  beaten ; — he  succeeded  in  carrjdng  out  his  schemes  in  spite 
of  all  obstacles,  and  in  his  works  left  behind  him  examples  of 
bridges,  locks,  aqueducts,  and  tunnels  which  have  been  taken 
as  models  by  subsequent  engineers,  and  many  of  which  works 
still  remain  as  enduring  monuments  to  Brindley's  skill  as  an 
hydraulic  engineer. 

Foreign  Engineering. — Although  after  Brindley's  time  we  no 
longer  looked  to  Holland  for  assistance  in  our  hydraulic  works, 
yet  the  Dutch  still  retained  their  reputation  for  the  grand  en- 
gineering works  which  have  been  carried  out  for  the  improvement 
of  her  waterways.  Holland  itself  is  a  standing  example  of  the 
power  of  rivers  to  transport  material,  the  whole  of  the  country 
consisting  of  alluvial  matter  brought  from  other  parts  of  Europe 
by  the  Rhine,  the  Maas,  and  the  Scheldt,  and  deposited  at  their 
outfalls  on  the  coast  of  the  North  Sea ;  and  of  the  enterprise  of 
the  people  and  the  skill  of  the  engineer  in  wresting  from  the 
sea  the  most  valuable  tract  of  fertile  land  in  Europe.  The 
drainage  works,  for  their  extent,  are  unparalleled  in  any  other 
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part  of  the  world,  the  principal  main  drains  consisting  of  lai^ 
canals  which  afford  communication  throughout  the  country,  and, 
by  means  of  the  large  rivers  which  intersect  Holland,  over  a 
large  part  of  Europe.  The  enterprise  which  first  prompted  the 
inhabitants  of  these  low  countries  to  embank  and  reclaim  them, 
and  to  carry  out  extensive  works  of  hydraulic  engineering,  has 
continued  up  to  the  present  time.  The  land  lying  below  the  level 
of  high  water  at  sea  was  formerly  drained  by  innumerable  wind- 
mills, which,  with  the  aid  of  large  wooden  scoop  wheels,  lifted  the 
water  out  of  the  polders  into  the  sea.  The  Dutch  were  amongst 
the  first  to  apply  steam-power  to  this  purpose.  For  the  drainage 
of  Lake  Haarlem,  coveiing  about  42,000  acres,  and  involving 
the  construction  of  over  a  hundred  miles  of  canals  and  main 
drains,  about  fifty  years  ago  three  sets  of  large  steam  pumping- 
engines,  placed  at  different  parts  of  the  lake,  were  employed, 
being  the  largest  pumping-engines  constructed  up  to  that  time. 
These  were  designed  and  erected  by  Messrs.  Gibbs  and  Deane  of 
Cornwall,  and  each  consisted  of  eleven  pumps  63  inches  in 
diameter  placed  concentrically,  and  worked  by  a  beam  engine 
actuated  from  a  steam-cylinder  12  feet  in  diameter,  and  together 
capable  of  lifting  660  tons  of  water  a  minute  16^  feet  high. 
The  reclamation  of  this  polder  cost  £781,500.* 

At  the  beginning  of  the  present  century,  in  order  to  facilitate 
the  navigation  to^  Amsterdam,  a  ship  canal  was  constructed  from 
the  North  Sea  to  that  port.  The  North  Holland  Canal,  which 
has  been  described  as  ''the  greatest  work  of  its  kind  in 
Holland,  and  probably  in  the  world,"  was  commenced  in  1819 
and  completed  in  1825.  It  is  50^  miles  long^  is  30  feet  wide 
at  the  bottom,  and  has  a  depth  of  18^  feet,  and  cost  about  a 
million  of  money. 

This  canal  has  since  been  practically  superseded  by  the 
Amsterdam  Ship  Canal,  which  has  shortened  the  distance  36^ 
miles.  This  canal,  commenced  in  1865  and  finished  in  1876, 
was  carried  out  under  the  direction  of  Herr  J.  Dircks,  who 
prepared  the  original  designs,  and  of  Sir  John  Hawkshaw,  as 
consulting  engineer.  It  is  \h}^  miles  long,  88  feet  wide  at  the 
bottom,  and  has  23  feet  of  water.  It  is  approached  from  the 
North  Sea  through  two  piers  two  miles  in  length,  which  form  an 
outer  harbour  of  250  acres,  and  protects  the  two  entrance  locks, 

•  A  full  description  of  this  work  will  be  found  in  *•  Tho  Drainage  of  Fens  and 
Lowlands,"  by  W.  H.  Wheeler. 
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which  are  respectively  390  feet  long  by  60  feet  wide,  and  227 
feet  by  40  feet.  The  works  involved  the  construction  of  several 
embankments,  including  one  across  the  Zuyder  Zee,  and  the 
reclamation  of  a  large  tract  of  land.  The  total  cost  was  about 
three  millions  of  pounds. 

In  order  to  improve  the  navigation  up  to  Rotterdam,  an 
entirely  new  outfall  has  been  made  for  one  of  the  principal 
rivers  of  the  country,  and  its  channel  throughout  regulated  and 
deepened.  The  works  on  the  Maas  were  commenced  in  1863, 
and  completed  in  1871,  under  the  direction  of  Mr.  P.  Caland, 
the  engineer  who  originally  designed  them.  The  total  cost  of 
these  works  has  been  £2,840,000. 

The  other  most  noticeable  works  in  connection  with  the 
improvement  of  the  rivers  of  Europe  for  the  purposes  of  navi- 
gation were  those  of  the  Seine,  from  the  estuary  to  Rouen,  which 
were  commenced  in  1846,  and  carried  out  from  the  designs  of 
M.  Bouncieau  at  a  cost  of  £1,198,000 ;  the  opening  up  of  the 
Danube  to  the  navigation  of  large  steamers,  by  deepening  and 
improving  the  Sulina  branch  and  removing  shoals  and  bends 
in  the  river,  under  the  direction  of  a  European  commission. 
These  works  were  carried  out  from  the  plans  of  Sir  Charles 
Hartley,  and  under  his  direction.  The  cost  of  the  piers  and 
opening  out  the  passage  from  the  Black  Sea  to  the  river  was 
accomplished  for  the  comparatively  small  sum  of  £185,352. 

The  Suez  Canal,  commenced  in  1859  and  opened  in  1869, 
shortened  the  distance  to  India  from  this  country  by  about  four 
thousand  miles,  or  nearly  half.  This  canal,  87  miles  in  length, 
of  which  one-fourth  is  through  lakes,  was  made  72  feet  wide  at 
the  bottom,  and  with  26  feet  of  water.  The  excavation  amounted 
to  a  hundred  million  cubic  yards.  It  was  constructed  under 
a  concession  obtained  by  M.  Ferdinand  de  Lesseps  from  the 
Khedive  of  Egypt,  M.  Lavall6  being  the  engineer  who  carried 
out  the  works.  The  cost  when  opened  was  £16,613,000,  of 
which  only  £11,653,218  was  for  works.  This,  however,  does  not 
include  the  value  of  the  forced  labour  supplied  by  the  Egyptian 
Government.  The  construction  of  this  canal  was  not  regarded 
fjBivourably  by  this  country.  It  was  reported  against  by  Mr. 
Robert  Stephenson,  who  was  sent  out  to  investigate  the  pro- 
posed scheme.  Mr.  Stephenson's  experience,  having  been  almost 
entirely  that  of  a  railway  engineer,  led  him  to  look  unfavourably 
on  the  proposed  waterway,  and  to  express  the  opinion  that  a 
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railway  would  be  more  serviceable.  Subsequently  England 
acquired  a  large  interest  in  the  canal  by  the  purchase  of  the 
shares  held  by  the  Khedive  for  £4,000,000,  and  is  now  its  chief 
supporter,  nearly  80  per  cent,  of  the  tonnage  passing  through 
the  canal  being  British  ships.  The  amount  of  shipping  which 
passed  through  the  canal  the  first  year  after  it  was  opened  was 
486  vessels,  of  a  net  tonnage  of  436,609 ;  and  in  1890,  3389,  of 
6,890,000  net  tons.  The  canal  has  been  much  improved  since  it 
was  opened,  and  is  now  being  widened  and  made  deeper  in  the 
shoal  places. 

In  America  and  Canada  very  considerable  works  have  been 
carried  out  for  the  improvement  of  the  harbours  and  tidal  rivers, 
and  also  in  developing  the  inland  waterways,  more  especially 
those  in  connection  with  the  Great  Lakes.  The  most  important 
work  in  connection  with  these  was  the  construction  of  the  Wel- 
land  Canal  and  the  Sault  St.  Marie  or  ''  Soo  "  Canal  and  locks, 
by  means  of  which  communication  was  opened  out  between  the 
chain  of  lakes  to  the  St.  Lawrence  on  the  one  side,  and  on  the 
other  by  Lake  Erie  with  the  Ohio  and  the  Mississippi ;  and  by 
Lake  Erie  and  the  River  Hudson  with  New  York.  Vessels  of 
sufficient  size  to  cross  the  Atlantic  can  now  navigate  from 
Duluth,  at  the  head  of  Lake  Superior,  and  from  Chicago,  at  the 
head  of  Lake  Michigan,  by  the  St.  Lawrence  to  this  country. 
The  value  of  this  waterway  will  be  further  realized  when  it  is 
considered  that  Chicago  is  a  thousand  miles  inland  from  the 
nearest  seaport  on  the  St  Lawrence.  The  canal,  which  is  only 
one  mile  long,  and  the  lock  at  Sault  St.  Marie  were  commenced 
in  1852,  and  opened  in  1854.  The  first  lock  was  350  feet  long 
by  70  feet  wide  and  12  feet  deep.  Between  1870-1883,  the 
lock  was  increased  to  575  feet  by  80  feet,  with  17  feet  depth  of 
water.  The  traffic  increased  so  rapidly  that  the  lock  has 
recently  been  again  enlarged  to  800  feet  long,  100  feet  wide, 
with  21  feet  on  the  sill.  A  new  lock  and  connection  is  also 
being  made  on  the  Canadian  side.  The  traffic  through  these 
locks  exceeds  that  through  the  Suez  Canal,  10,557  vessels,  carry- 
ing 8,454,435  net  tons,  having  passed  through  in  1890. 

The  Mississippi,  with  its  magnificent  waterway  of  sixteen 
thousand  miles,  was  obstructed  at  its  outfall  by  shoals  or  bars, 
over  which  there  was  only  a  navigable  depth  of  from  8  to  13 
feet,  thus  blocking  this  river  to  all  except  small  craft.  Through 
one  of  these  shoals   General  Eads   undertook   to  open  out  a 
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navigable  waterway  having  a  depth  of  30  feet  for  a  definite 
sum,  to  be  paid  him  by  the  United  States  Government  only  on 
condition  that  he  succeeded  in  providing  the  full  depth.  After 
very  considerable  opposition,  his  offer  was  finally  accepted.  He 
commenced  the  work  in  1875,  and  four  years  afterwards  had 
succeeded  in  accomplishing  the  given  depth,  which  has  since 
been  maintained.  His  method  of  operation  was  by  concen- 
trating the  scour  of  the  current  in  one  of  the  passes  by  two 
parallel  jetties  of  fascine  work,  and  thus  making  the  water  the 
agent  for  effecting  the  improvement  of  its  own  course. 

Another  engineering  work  of  considerable  magnitude,  for 
the  improvement  of  the  navigation  up  to  New  York,  was  the 
removal  of  the  rock  shoal  known  as  ''  Hell  Gate,"  so  as  to  give 
a  depth  of  30  feet  at  low  water.  This  was  accomplished  by 
first  breaking  up  the  rock  by  submarine  blasting,  and  then 
removing  the  debris  by  dredging.  This  work  occupied  ten 
years,  and  cost  altogether  over  a  million  of  money.  The  blast- 
ing was  accomplished  by  a  single  explosion,  by  means  of  which 
270,717  cubic  yards  of  stone  were  broken  up.  The  waterway 
to  New  York  was  further  improved  by  forming  a  channel  to  a 
depth  of  30  feet  below  low  water  through  the  mud  and  sand 
of  which  the  estuary  which  lies  between  the  Atlantic  and  Long 
Island  is  composed,  by  dredging  only,  and  without  any  training 
works,  at  a  cost  of  £258,550. 

Vavigation. — The  small  size  of  the  vessels  in  which  all  the 
foreign  trade  of  this  country  was  formerly  carried  necessitated 
very  little  improvement  in  the  tidal  rivers,  or  accommodation  in 
the  ports  and  harbours  beyond  that  which  they  naturally  afforded. 
When  the  foreign  trade  of  this  country  first  began  to  assume 
importance,  the  vessels  were  scarcely  as  large  as  the  fishing- 
smacks  of  the  present  day.  The  craft  which  then  crossed  the 
seas  were  often  not  more  than  twenty  or  forty  tons  in  size,  and 
in  these  small  vessels  voyages  were  made  across  the  Atlantic  and 
round  Cape  Horn  and  into  the  Pacific.  The  vessel  in  which  W. 
Baffin  sailed  from  Gravesend  for  the  discovery  of  the  North-West 
passage  in  1616  was  only  fifty-five  tons,  and  in  this  he  reached 
to  latitude  77*45°,  a  height  which  was  not  surpassed  for  the  next 
236  years.  As  trade  developed,  the  size  of  the  vessels  increased, 
but  so  long  as  wood  only  was  used,  the  size  of  the  timber  neces- 
sary for  the  framing  practically  prevented  the  increase  beyond 
a  certain  limit.     It  was  only  after  iron,  and  subsequently  steel. 
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was  used  for  the  building  of  ships  that  the  sizes  now  in  use 
could  be  attained.  In  the  early  part  of  the  present  century,  the 
introduction  of  steam  as  a  propelling  power  for  ships  gave  an 
enormous  impetus  to  navigation  and  foreign  trade,  and  this^ 
coupled  with  the  use  of  iron,  gave  this  country  the  predominance 
over  all  others  as  the  ocean  carriers  of  the  world. 

Steam,  as  applied  to  the  propulsion  of  vessels^  was  first 
practically  brought  into  use  in  1788  by  a  Scotch  engineer, 
W.  Symington,  assisted  by  Henry  Bell,  the  funds  being  found 
by  Patrick  Miller.  The  steam-vessel  then  built  ran  on  the 
Forth  and  Clyde  Canal,  and  attained  a  speed  of  five  miles  an 
hour.  The  Charlotte  Dundas,  constructed  in  1801,  was  used 
on  this  canal  for  many  years  as  a  tug-boat.  In  1807  Fulton 
introduced  steam-propulsion  into  America,  the  engines  for  the 
boat  having  been  made  in  this  country  by  Boulton  and  Watt. 
The  first  seagoing  steamer  was  employed  in  1815,  in  making 
the  voyage  between  Glasgow  and  London.  The  design  of  the 
engines  used  for  steam-propulsion  was  gradually  improved  and 
altered,  so  as  to  adapt  them  better  for  marine  work,  by  H.  Bell 
and  David  Napier. 

In  1825,  the  merchants  of  Calcutta  offered  a  premium  of  a 
lac  of  rupees  for  the  first  voyage  out  and  home  made  by  a  vessel 
in  seventy  days  each  way.  The  Enterprise,  of  470  tons,  with 
engines  of  120  H.P.,  made  by  Maudesley,  attempted  the  voyage, 
and,  although  not  successful,  the  venture  was  sufficient  to  show 
that  it  was  quite  practicable  to  propel  ships  by  steam  over  long 
distances. 

The  use  of  the  screw  in  place  of  paddles  for  propelling  ships 
was  brought  into  practical  use  through  the  instrumentality  of 
J.  P.  Smith  in  1836,  and,  after  undergoing  improvements  in  design 
at  the  hands  of  George  Rennie,  became  generally  adopted. 

The  first  iron  ship  was  registered  at  Lloyd's  in  1837.  The 
same  year  marked  the  commencement  of  the  service  established 
by  the  Peninsular  and  Oriental  Steam  Navigation  Company- 
All  the  earlier  vessels  of  this  company  were  wooden  paddle- 
steamers. 

In  1832  the  Cunard  Company  was  formed,  with  a  capital 
of  £100,000,  for  the  purpose  of  running  passenger-steamers 
from  this  country  to  America.  The  first  vessel  built  for  the 
service  was  the  British  Queen,  of  2400  tons,  which  left  London 
for  New  York  in  1839.     The  Sirius,  of  700  tons,  had  crossed 
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in  the  previous  year  in  eighteen  days.  In  1838  a  wooden  paddle- 
steamer,  the  Qrea^  Western,  of  1340  tons  and  750  I.H.P.,  sailed 
from  Bristol,  and  reached  New  York  in  fifteen  days.  The  Great 
Britain,  an  iron  screw-steamer,  was  added  to  the  fleet  a  few 
years  after.  The  size  and  speed  of  the  vessels  have  since  con- 
tinually increased.  The  Campania  and  Lucania,  two  of  the 
latest  additions,  being  each  12,950  tons,  and  having  an  indicated 
horse-power  of  30,000,  have  performed  the  journey  in  a  little 
over  five  days. 

Harbours  and  Docks. — It  is  evident  that,  with  such  a  change 
in  the  conditions  of  the  shipping  of  this  country,  it  became 
necessary  that  the  tidal  rivers  and  harbours  should  be  altered 
and  improved  to  meet  the  growing  requirements  of  the  naviga- 
tion. In  the  early  part  of  the  present  century,  Smeaton,  Telford, 
Rennie,  Walker,  Rendel,  and  others  of  less  note,  were  actively 
employed  in  erecting  lighthouses,  deepening  rivers,  building 
docks,  and  improving  the  harbours  of  the  country. 

The  first  wet  dock  on  the  Thames  was  the  Great  Howland 
Dock,  built  in  1660.  This  has  since  been  absorbed  into  the 
system  known  as  the  Commercial  Docks.  The  Old  Dock,  four 
acres  in  extent,  was  built  in  Liverpool  in  1709.  In  1802-3. 
the  East  and  West  India  Docks  on  the  Thames  were  opened. 
The  companies  who  built  these  docks  obtained  a  clause  in  their 
Acts  making  it  compulsory  for  all  ships  coming  up  the  Thames 
with  produce  from  the  East  or  West  Indies  to  discharge  their 
cargoes  in  tbem  for  a  period  of  twenty-one  yeajrs. 

The  earliest  attempt  to  improve  the  tidal  rivers  in  this 
country  for  the  purposes  of  navigation  may  be  said  to  have 
been  made  in  the  Clyde  in  1566,  when  a  commencement  was 
made  by  opening  out  a  sandbank  at  Dumbuck.  It  was  not, 
however,  until  after  the  middle  of  the  eighteenth  century  that 
powers  were  obtained,  and  works  commenced,  under  the  direc- 
tion of  Golbome,  for  improving  the  river  from  Glasgow  to  the 
sea,  and  which,  since  continued,  have  resulted  in  converting  a 
small  tidal  river  into  one  of  the  chief  waterways  of  the 
kingdom. 

The  Tyne,  from  which  even  as  far  back  as  the  fourteenth 
century  there  is  a  record  of  the  export  of  coal,  had  nothing 
done  for  its  improvement  till  the  first  quarter  of  the  present 
century,  and  even  up  till  1850,  when  the  Tyne  Conservancy 
Act  was  passed,  the  works  which  had  been  carried  out  only 
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enabled  vessels  of  \o\  feet  to  reach  Newcastle.  The  piers, 
which  have  made  the  river  below  Shields  into  a  magnificent 
harbour  of  refuge,  were  commenced  in  1854  from  designs  of 
Mr.  James  Walker,  and  have  cost  the  Tyne  Conservancy  three- 
quarters  of  a  million  of  money. 

The  first  works  for  the  improvement  of  the  Tees  were  com- 
menced in  1808.  The.  works  between  Middlesborough  and  the 
sea,  which  have  converted  the  Tees  into  an  important  navigable 
river,  were  commenced  soon  after  the  formation  of  the  present 
commission  in  1852.  It  is  unnecessary  to  refer  at  any  further 
length  to  other  works  of  river  improvement. 

The  newest  departure  of  hydraulic  engineering  is  the  water^ 
way  for  connecting  Manchester  with  the  sea^  designed  by  and 
carried  out  under  the  direction  of  Mr.  Leader  Williams.     The 
Manchester  Ship  Canal  may  be  regarded  as  the  greatest  work 
of  the  kind  which  has  yet  been  accomplished,  not  so  much  on 
account  of  the  amount  of  money  which  it  has  cost,  as  from  the 
amount  of  opposition  through  which  it  had  to  struggle  into 
existence,  and  the  engineering  difficulties  which  have  had  to 
be  overcome.     The  canal  is  35^  miles  long;  the  width  at  ihe 
bottom,  120  feet ;  and  depth  of  water,  26  feet     The  lower  fifteen 
miles  is  semi-tidal.     The  docks  at  Manchester  and  Salford  cover 
104  acres,  with  five  miles  of  quays.     The  level  of  water  in  these 
docks  is  71 J  feet  above  that  in  the  Mersey  at  Eastham.    This 
difference  is  overcome  by  five  sets  of  locks  of  sufficient  size  to 
take  the  largest  merchant  vessel  afloat     At  the  entrance  from 
the  Mersey  at  Eastham  there  are  three  locks,  in  size  respectively 
600  feet  by  80  feet,  350  feet  by  50  feet,  and  150  feet  by  30  feet. 
The  other  four  locks  at  Latch  ford,  Irlam,  Barton,  and  Mode  wheel 
are  600  feet  by  65  feet    The  canal  is  crossed  by  several  lines  of 
railway,  which  have  had  to  be  diverted  and  their  level  raised 
so  as  to  give  a  clear  headway  of  75  feet  under  the  bridges.     The 
canal  is  also  crossed  by  a  large  number  of  swing  bridges,  some 
of  which,  for  carrying  the  railways  across,  are  very  massive, 
weighing  upwards  of  700  tons,  and  having  a  clear  span  for  one 
arm  of  140  feet.    In  addition  to  a  large  number  of  roads  which 
had  to  be  carried  across  the  waterway,  provision  had  also  to  be 
made  for  carrying  the  Bridgwater  Canal   over  on  the  skew, 
and  this  has  been  done  by  means  of  a  swing  aqueduct ;  arrange- 
ments are  also  made  at  the  crossing  for  raising  and  lowering 
boats  to  and  from  the  Ship  Canal  to  the  Bridgwater  Canal  by 
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means  of  an  hydraulic  lift.  The  excavation  required  for  the 
canal  amounted  to  over  one  hundred  and  fifty  million  Cubic 
yards,  of  which  ten  million  was  in  sandstone  rock.  The  work 
on  the  canal  was  commenced  in  1887,  and  it  is  expected  to  be 
completed  in  1894.  The  cost  of  the  land  and  works  is  estimated 
to  amount  to  ten  millions,  in  addition  to  which  about  one  million 
wiU  be  absorbed  in  interest  on  capital,  cost  of  engineering  and 
management  during  construction,  and  expenses  in  obtaining 
the  Parliamentary  powers — which  have  amounted  to  about 
£150,000 — and  one  and  three-quarter  miUion  paid  for  the 
Bridgwater  Canal,  making  a  total  capital  of  thirteen  million& 

Diving  Machinery. — The  improvement  of  harbours  and  tidal 
rivers  has  received  great  aid  by  the  assistance  given,  in  carrying 
out  the  foundation  of  piers  and  other  submarine  works,  by  the 
invention  of  the  diving-bell  and  diving-dresa  Several  attempts 
were  made  from  the  earliest  times  to  invent  a  machine  to  assist 
divers  in  remaining  under  water,  but  the  first  really  practical 
diving-bell  was  that  of  Edmund  Halley,  the  secretary  of  the 
Royal  Society,  and  which  is  described  in  the  Philosophical 
Traneactiona  of  1717.  Improvements  were  subsequently  made 
on  this  machine,  and  it  was  finally  brought  to  a  great  state  of 
perfection  by  Smeaton,  who  used  a  cast-iron  diving-bell  for 
laying  the  foundation  of  the  walls  of  Ramsgate  harbour  in 
1791.  Diving-dresses  came  generally  into  use  at  the  beginning 
of  the  present  century,  and  divers  were  made  great  use  of  by 
John  Rennie  and  James  Walker.  The  present  form  of  dress 
owes  its  efficiency  to  improvements  made  by  Heinke  and 
A.  Siebe,  the  one  having  improved  the  helmet,  and  the  other 
the  dress,  about  1829  to  1837.  It  is  unnecessary  to  enlarge 
on  the  value  of  this  invention,  and  of  the  great  aid  it  is  to  the 
construction  of  submarine  works,  in  recovering  property  from 
wrecks,  and  in  raising  sunken  vessels.  It  is  sufficient  to  say 
that  by  the  aid  of  the  diving-dress  a  man  can  descend  to  a 
depth  of  over  thirty  fathoms,  and  be  able  to  remain  below  at 
this  depth  for  more  than  half  an  hour,  and  at  less  depths  for  a 
considerably  longer  period. 

IdghfhooBes. — The  erection  of  beacon  lights  on  dangerous 
parts  of  the  coast  has  been  in  practice  from  the  earliest  times. 
So  far  back  as  three  hundred  years  before  the  Christian  era 
there  is  a  record  of  a  "  Pharos,"  or  beacon  tower,  erected  for  the 
benefit  of  sailors  at  Alexandria,  and  dedicated  to  "the   Qods, 


40  TIDAL  RIVERS. 

the  saviours  of  mariners."  The  earliest  record  of  modern  light- 
houses is  that  of  Cordouan,  at  the  mouth  of  the  Garonne,  which 
was  built  of  stone  197  feet  high,  on  the  top  of  which  was  burnt 
a  wood  fire. 

As  shipping  increased  in  importance  in  this  country  during 
the  sixteenth  and  seventeenth  centuries,  the  need  for  lighthouses 
and  beacons  became  a  matter  of  urgent  importance.  The 
erection  of  lights  at  prominent  places  on  the  coast,  and  at  the 
entrance  to  harbours,  was  originally  undertaken  by  private 
persons  'under  charters  granted  by  the  Crown.  In  1536  Henry 
VIII.  granted  one  of  these  charters  to  a  society  of  merchants 
interested  in  the  shipping  of  the  Tyne,  for  the  purpose  of 
erecting  two  light-towers  at  Shields  and  Tynemouth.  In  1680 
a  charter  of  a  similar  character  was  granted  to  the  Trinity 
House  of  Deptford  Strond,  giving  power  to  buoy  and  beacon 
the  Thames  and  collect  dues  from  vessels,  these  powers  being 
subsequently  extended  to  the  whole  of  the  coast  of  England ; 
and  Lighthouse  Boards  for  Scotland  and  Ireland  were  also 
established. 

The  first  lighthouse  erected  on  the  Eddystone  rocks,  situated 
about  fourteen  miles  seaward  of  Plymouth,  was  constructed  of 
timber  by  Heniy  Wynstanley  between  the  years  1696  and  1700. 
Three  years  later  it  was  destroyed  during  a  storm,  its  engineer 
perishing  with  it.  A  second  lighthouse,  also  built  of  wood, 
92  feet  high,  was  erected  by  John  Rudyard  during  the  years 
1706-8,  and  continued  to  show  its  light  for  forty-seven  years, 
when  it  was  destroyed  by  fire.  The  lights  in  the  lantern  of 
these  houses  was  supplied  from  candles.  The  difiiculty  of  con- 
struction on  this  rock  is  considerably  enhanced  by  the  fact  that 
it  was  covered  with  water  at  every  high  tide,  and,  owing  to  the 
heavy  seas,  the  work  could  only  be  carried  on  in  summer. 
Rudyard's  lighthouse  was  replaced  by  the  stone  lighthouse 
erected  by  Smeaton  in  1756-59,  which,  considering  the  novelty 
of  the  work,  the  difficulties  of  construction,  and  the  appliances 
at  command,  may  be  considered  as  being  one  of  the  most  skilful 
engineering  works  ever  completed.  This  lighthouse,  which 
cost  £40,000,  withstood  the  storms  of  122  years,  when  it  was 
replaced,  not  from  any  defect  Or  fault  of  its  own,  but  on  account 
of  the  wearing  away  of  the  rock  on  which  it  was  erected.  The 
present  structure,  which  is  170  feet  high,  was  erected  for  ^the 
Trinity  House  by  Sir  James  Douglas,  at  a  cost  of  £61,500. 


RIVER  AND  HARBOUR    WORKS.  41 

Amongst  the  other  principal  lighthouses  which  have  been 
erected  on  the  coast  of  this  country  are  the  Bell  Rock  in  the 
Firth  of  Forth,  by  R.  Stevenson,  in  1807-11,  at  a  cost  of  £61,331 ; 
the  Skerry  Vore,  by  Alan  Stevenson,  in  1838-44,  at  a  cost  of 
£90,218;  and  the  Wolf  Rock  at  the  Land's  End,  by  James 
Walker,  in  1862-69,  at  a  cost  of  £62,726. 

In  the  earliest  beacons  the  lights  were  supplied  by  wood  or 
coal  fires  burning  on  the  top  of  towers.  Subsequently  the  open 
fire  was  superseded  by  a  lantern  lighted  by  candles.  For  more 
than  forty  years  after  the  erection  of  Smeaton's  Eddystone 
tower  it  was  lighted  by  tallow  candles  placed  in  hoops,  and  up 
to  1811,  twenty-four  wax  candles  were  used.  Even  up  to  1816, 
the  Lizard  Light  and  that  on  the  Isle  of  May  in  the  Firth  of 
Forth  were  maintained  by  coal  fires.  Lamps  with  mirrors  were 
used  for  beacon  lights  at  the  entrance  to  the  Mersey  at  the  end 
of  the  last  century,  and  in  1783  oil-lamps  with  Argand  burners 
and  reflectors  were  introduced  into  the  Cordouan  Lighthouse. 
The  great  advantage  of  such  a  light  became  so  obvious  that  it 
was  soon  after  adopted  by  the  Trinity  House  in  this  country. 
The  catoptric  system,  or  the  reflecting  of  the  light  from  a  bright 
surface  of  such  a  form  as  to  cause  all  the  rays  to  proceed  in  one 
direction,  was  followed  up  by  the  dioptric  system,  by  which  the 
rays  are  made  to  pass  through  lenses,  by  which  they  are  refracted 
into  the  desired  direction.  The  difficulty  in  obtaining  glass  of 
the  size  required  of  sufficiently  pure  quality,  and  in  grinding  it 
to  a  perfect  figure,  for  a  long  time  delayed  the  adoption  of  this 
system.  These  difficulties  were  finally  overcome  by  Fresnel,  and 
a  dioptric  lens  was  fitted  in  the  Cordouan  Lighthouse  in  1822. 
The  construction  of  these  lenses  has  since  been  carried  to  a 
state  of  great  perfection  by  Messrs.  Chance  of  Birmingham. 
In  1835,  on  the  recommendation  of  Mr.  Alan  Stevenson,  the 
dioptric  system  was  used  for  the  northern  lighthouses,  and 
afterwards  by  the  Trinity  House,  the  first  light  on  this  system 
being  a  revolving  light  fixed  at  Start  Point. 

The  lamps  used  also  have  gradually  undergone  improvement. 
The  oil  first  used  was  sperm ;  this  was  succeeded  by  colza,  and 
finally  by  mineral  oil.  The  power  of  the  light  has  been  increased 
by  using  a  number  of  concentric  wicks  on  a  system  perfected  by 
Sir  James  Douglas,  so  that  oil-lamps  are  now  used  giving  lights 
equal  to  five  thousand  candle-power. 

The  change  that  has  taken  place  in  the  amount  of  light  now 
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given  may  be  realized  by  comparing  the  twenty-four  wax 
candles  used  for  illuminating  Smeaton's  Eddystone  Lighthouse 
at  the  beginning  of  this  century  with  the  beam  of  light  now 
sent  forth,  which  is  calculated  as  being  equal  to' 160,000  candles. 

Gas  is  also  used  as  an  illuminant.  On  several  of  the  more 
important  light-stations  the  electric  light  has  been  adopted.  For 
prominent  headlands  and  for  lights  required  to  be  seen  at  great 
distances,  this  surpasses  all  other  means  of  illumination. 

Breakwaters. — As  already  pointed  out,  the  progress  of  en- 
gineering science  in  this  country  owes  nothing  to  the  fostering 
care  of  the  governing  power,  the  provision  of  docks  and  harbours, 
the  improvement  in  rivers  and  shipping,  having  all  been  done 
by  local  authorities,  by  companies  of  merchants,  or  by  private 
traders,  without  Government  aid  or  subsidies.  The  only  excep- 
tion to  this,  except  the  dockyards  and  works  required  for  the 
purposes  of  the  Navy,  has  been  the  erection  of  harbours  of 
refuge.  The  first  of  these  was  that  at  Plymouth,  the  break- 
waters for  which  were  designed  and  carried  out  by  John  Rennie 
between  the  years  1812-41.  The  piers  for  this  harbour  are  one 
mile  long,  and  enclose  1120  acrea  They  absorbed  3,620,000  tons 
of  stone,  and  cost  one  and  a  half  million  of  money. 

Portland  Breakwater  was  built  during  the  years  1847-71, 
from  the  designs  of  J.  M.  Rendel,  and  finished  under  the  direc- 
tion of  Sir  John  Coode.  It  consists  of  an  outer  pier  6400  feet 
long,  and  an  inner  one  1700  feet.  It  required  5}  million  tons 
of  stone,  and  cost  £1,034,000,  exclusive  of  the  value  of  the 
convict  labour  which  was  employed  on  it. 

Holyhead  was  constructed  for  the  purposes  of  a  national 
harbour  of  refuge,  and  was  commenced  by  J.  M.  Rendel  in 
1849,  and  finished  under  the  direction  of  Sir  John  Hawkshaw 
in  1873.  The  breakwater  is  7860  feet  long,  and  encloses  400 
acres.  It  required  seven  million  tons  of  stone,  and  cost  £1,285,000. 
The  piers  were  built  in  an  average  depth  of  seven  fathoms. 

The  only  foreign  work  of  this  class  that  can  compare  for 
magnitude  with  those  enumerated  above  is  that  at  Cherbourg. 
This  was  first  commenced  in  1784.  The  masonry  wall  above 
the  level  of  low  water  was  commenced  in  1832,  and  was  finished 
in  1853,  thus  taking  nearly  seventy  years  to  complete.  The 
piers  have  a  total  length  of  12,180  feet,  and  the  foundations 
were  laid  in  from  six  to  seven  fathoms  of  water.  The  cost  of 
this  structure  was  £2,674,491. 
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Biver  Improvements. — The  works  which  have  been  carried 
out  for  the  improvement  of  the  principal  tidal  rivers  will  be 
found  given  in  detail  in  a  subsequent  chapter,  a  selection  having 
been  made  of  those  that  embrace  the  application  to  practice  of 
the  principles  advocated  by  engineers  of  experience  under  the 
most  varied  conditions. 


CHAPTER  III. 

THE  MOTION   OP  WATER   IN  RIVERS. 

Although  the  flow  of  water  in  all  channels  is  governed  by  the* 
same  laws,  yet,  owing  to  numerous  disturbing  causes,  the  con- 
sideration of  the  problem  when  applied  to  tidal  rivers  is  of  a 
more  complex  form  than  in  channels  having  smooth  surfaces 
and  regular  dimensions,  and  in  which  the  inclination  is  regular, 
and  the  flow  always  in  the  same  direction. . 

Water  is  a  non-elastic  fluid,  the  particles  of  which  are  free  to 
move  in  every  direction. 

The  term  stream  may  be  taken  as  representing  a  body  of 
water  moving  in  a  defined  channel,  the  width  being  taken  as  a 
line  at  right  angles  to  the  direction  of  flow. 

A  JUament  is  a  portion  of  this  stream  of  very  small  width, 
and  consists  of  an  indefinite  number  of  molecules  or  particles 
following  one  another  in  the  same  direction. 

The  Toean  velocity  is  the  average  rate  of  forward  movement 
of  all  the  particles  of  the  cross-section  of  the  stream. 

The  section  of  a  stream  is  the  area  of  a  plane  taken  at  right 
angles  to  the  direction  of  the  forward  motion. 

The  hydraulic  mean  depth  is  the  proportion  of  rubbing 
surface  to  area  in  the  section  of  a  stream,  and  is  thus  defined 
by  Robison :  If  every  section  be  reduced  to  a  rectangular 
parallelogram  of  the  same  area,  and  having  its  base  equal  to 
the  border  unfolded  in  a  straight  line,  the  product  of  this  base 
by  the  height  of  the  rectangle  will  be  equal  to  the  area  of  the 
section,  and  this  height  will  be  a  representative  of  this  variable 
ratio  of  the  section  to  the  border.  Every  section  being  in  this 
manner  reduced  to  a  rectangle,  the  vertical  height  is  called  the 
hydraulic  mean  depth.  For  circular  channels,  the  term  hydraulic 
radius  is  generally  used. 

The  motion  of  water  is  due  solely  to  the  effect  of  gravity. 
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Every  individual  particle  of  water  is  attracted  by  gravity 
towards  the  centre  of  the  earth,  and  has  therefore  a  constant 
tendency  to  seek  the  lowest  point  attainable,  or  that  nearest  to 
the  centre  of  attraction.  The  ultimate  progress  of  the  particles 
is  arrested  either  by  the  bottom  or  sides  of  the  channel  in  which 
the  water  is  contained. 

When  water  is  at  rest,  the  particles  of  each  horizontal  layer 
being  equally  distant  from  the  centre  of  attraction,  are  all  in 
equilibrium.  The  pressure  at  equal  distances  from  the  surface 
is  equal  both  laterally  and  vertically,  and  the  surface  of  the 
water  is  then  described  as  being  levd, 

-.  When  the  surface  is  not  level,  some  of  the  particles  are  nearer 
the  centre  of  attraction  than  others.  When  this  is  the  case, 
every  particle  that  is  further  removed  than  another  strives  to 
attain  the  nearest  possible  situation,  or,  as  it  is  generally  termed, 
the  lowest  place.  In  this  struggle  every  particle  is  displaced 
and  put  in  motion. 

Li  a  river  having  a  surface  inclination,  every  particle  of  the 
water  is  therefore  in  active  motion  downwards,  struggling  to 
reach  the  lowest  point. 

The  amount  of  force  due  to  gravity  depends  on  the  difference 
of  the  level  of  the  surface  of  the  water  in  a  river.  This  differ- 
ence in  level  in  any  given  length  is  termed  the  /aK,  or  inclina- 
tion, and  constitutes  the  head. 

The  movement  of  water  and  its  velocity  are  therefore 
governed  by  the  surface  inclination  of  the  water,  and  not  by 
the  shape  of  the  bottom  of  the  channel. 

If  additional  water  be  poured  into  a  channel  so  as  to  raise 
one  end  of  the  stream  higher  than  the  other,  the  particles  which 
are  at  the  higher  level  exert 
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Fig.  a.— Diagram  showing  motion  of  water. 


a  pressure  on  those  below  them,  ' 

and  these,  being  perfectly  free 

to  act  in  every  direction,  are 

pushed  downwards,  forwards, 

and  upwards  towards  the  lower 

leveL    The  whole  mass  of  water  is  thus  put  in  active  motion, 

and  continues  so  until  a  level  surface  is  again  attained.     The 

probable  action  is  shown  by  the  diagram,  Fig.  2. 

That  the  action  is  not  that  of  a  vertical  ascent  and  descent 
may  be  proved  by  observing  the  course  of  sediment  stirred  up 
in  the  bottom  of  a  clear  running  stream  of  sufficient  depth. 
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The  particles  of  mad  do  not  rise  to  the  sorfiice  immediately  over 
the  place  of  disturbance,  bat  at  some  distance  down  the  stream, 
this  distance  varjring  with  the  depth  of  the  water.  Experiments 
made  by  Mr.  J.  K  Francis  in  a  canal  at  LoweU  by  injecting 
white- wash  through  a  tube  nearly  at  the  bottom  of  the  stream, 
showed  that  the  particles  came  to  the  surfiu^  at  distances  vary- 
ing from  ten  to  thirty  times  the  depth.  The  velocity  of  the 
water  being  3*40  feet  per  second. 

The  particles  which  come  in  contact  with  the  bottom  and 
sides  of  a  stream,  being  retarded  by  the  effect  of  Mction,  do  not 
move  with  the  same  freedom  as  the  others ;  and  are  not  only 
retarded  in  their  motion,  but  also  deflected  and  thrown  out  of 
their  true  course  by  obstacles  arising  from  the  inequalities  of 
the  surface,  thus  causing  a  further  disturbance. 

In  flowing  water  the  whole  volume  does  not  move  forward 
in  one  mass,  as  is  the  case  with  a  solid  body,  but  every  indi- 
vidual particle  is  in  motion.  As  the  volume  moves  forward, 
these  particles  roll  round  one  another  in  orbits  varying  in 
dimensions  according  to  the  section  of  the  stream.  The  diameter 
of  the  orbit  is  governed  by  the  distance  from  the  surface  of  the 
water  to  the  bottom  of  the  channel  and  the  distance  between 
the  sides.  In  shallow  streams  the  particles  are  continually 
circulating  in  a  number  of  small  orbits,  rolling  round  and 
amongst  one  another  in  all  directions,  according  as  they  are 
diverted  by  contact  with  the  sides  and  bottom.  In  deeper 
streams  the  orbits  are  larger,  and  the  disturbing  agents  fewer 
in  proportion.  Thus  with  the  same  velocity  the  disturbance 
to  the  free  flow  of  the  particles  decreases  as  the  depth  and 
width  of  the  stream  increases,  and  the  diameter  of  the  orbits 
consequently  becomes  greater.  In  other  words,  the  further  the 
centre  of  a  stream  is  from  the  retarding  medium,  the  less  is 
the  effect  of  this  disturbing  rotary  motion.  This  is  the  cause 
why  a  deep  stream  has  a  less  eroding  effect  than  a  shallow  one, 
and  why  as  the  hydraulic  mean  depth  is  increased  the  velocity 
also  increases. 

The  existence  of  the  deep  pools  which  are  found  in  the  beds 
of  rivers,  the  curved  motion  which  a  stream  assumes,  and  its 
power  to  transport  material  of  heavier  specific  gravity  than 
itself,  are  due  to  this  upward  and  rotary  action  of  the  particles 
of  water. 

A  large  volume  of  water  once  in  motion  maintains  its  flow 
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with  a  very  slight  surface  inclination.  Thus  on  the  lower 
reaches  of  the  Danube  and  the  Mississippi,  the  surface  inclina- 
tion averages  only  a  quarter  of  an  inch  in  a  mile ;  on  the 
Parana,  the  current  is  maintained  with  an  inclination  of  an 
eighth  of  an  inch. 

If,  owing  to  the  action  of  gravity,  water  continued  to  flow 
in  a  river  with  no  resistance,  it  would  be  subject  to  a  constantly 
accelerating  force,  but  aa  its  motion  over  any  given  length  is 
uniform,  there  must  be  also  a  retarding  force.  This  retarding 
force  is  due  to  the  friction  of  the  particles  of  the  water  against 
the  sides  and  bottoms,  to  the  adhesion  of  the  particles  of  the 
fluid,  to  variations  in  the  head  and  irregularities  in  the  form 
of  the  channel  causing  disturbance  to  the  motion  and  a  loss 
of  living  force  from  the  particles  being  reflected  in  currents 
contrary  to  the  general  direction  of  motion,  and  to  turbidity  of 
the  water. 

The  measure  of  the  moving  force  is  expressed  by  the  difier- 
ence  of  level  over  a  given  length  divided  by  that  length  (S),  and 
by  the  force  of  gravity  acting  at  the  end  of  one  second  on  a 
body  falling  freely,  g  =  321908  feet 

The  accelerating  force  is  therefore  expressed  by  the  term — 

The  retarding  force  is  caused  principally  by  friction. 
Friction  in  fluids  is  independent  of  pressure,  and  is  propor- 
tional to  the  area  and  roughness  of  the  rubbing  surface,  and  is 
the  same  at  all  depths.  The  measure  of  the  resistance  of  friction 
and  other  retarding  causes  is  an  unknown  quantity  only  to  be 
determined  by  observation,  and  is  expressed  by  a  coeflicient  C. 

Resistance  is  proportional  to  the  square  of  the  velocity  with 
which  the  water  is  moving  (V^).  When  the  velocity  is  in- 
creased, the  impulse  of  the  particles  on  any  irregularities  is 
increased  in  proportion,  and  the  number  of  particles  driven 
against  the  rough  surface  is  also  increased  at  the  same  rate ;  the 
resistance  will  therefore  increase  as  the  product  of  the  velocity 
into  the  velocity  (V*). 

Resistance  is  therefore  directly  proportional  to  the  extent  of 
the  surface  of  the  sides  and  bed  of  the  channel  with  which 
the  water  comes  in  contact,  and  is  inversely  as  the  volume; 
as  the  resistance  becomes  so  much  less  when  it  has  to  be  shared 
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amongst  a  greater  number  of  particles.    The  measure  of  this 

area  ,  ._>. 

resistance  is  — 77-1 : ,  or  the  hydraulic  mean  depth  (R). 

wetted  contour 

In  a  stream  of  uniform  velocity,  the  accelerating  force  is 

equal  to  the  sum  of  the  retarding  forces.    Accordingly — 

in  which  S  is  the  fall  divided  by  the  length ;  gr,  the  effect  of 
gravity;  R,  the  hydraulic  mean  depth;  V,  the  velocity  of  the  water 
in  feet  per  second ;  and  C,  a  constant  depending  on  the  roughness 
of  the  surface  and  determined  by  observation. 

A  decrease  of  friction  causes  an  increase  of  velocity. 

When  the  sections  of  a  river  vary,  the  volume  of  water 
remaining  the  same,  the  mean  velocities  are  inversely  as  the 
areas  of  the  sections. 

The  velocity  varies  nearly  as  the  square  root  of  the  depth. 

Velocity  increases  in  proportion  to  the  square  root  of  the 
surface  inclination,  the  hydraulic  mean  depth  remaining  the 
same.     Four  times  the  fall  will  double  the  velocity. 

The  greater  the  hydraulic  mean  depth,  the  greater  the 
velocity.  The  velocity  is  at  a  maximum  when  the  depth  of  a 
stream  is  half  the  width. 

As  rivers  increase  in  size  the  proportion  of  the  retardating  to 
the  accelerating  force  continually  diminishes,  and  they  therefore 
require  a  less  rate  of  inclination  to  produce  the  same  velocity. 

Where  the  flow  of  water  in  a  channel  is  uniform,  the  same 
quantity  of  water  will  be  discharged  at  the  lower  end  of  any 
given  length  as  enters  at  the  upper  end ;  consequently  the  same 
quantity  of  water  must  pass  each  transverse  section  per  second, 
the  velocity  of  the  current  increasing  where  the  area  is  diminished, 
and  decreasing  where  it  is  enlarged. 

The  velocity  of  a  stream  is  not  uniform  throughout  the  whole 
section.  The  contact  of  the  particles  with  the  sides  and  bottom 
of  the  channel  retards  the  velocity  of  the  water  immediately 
adjacent,  and  as  the  particles  are  reflected  they  transmit  this 
retardation  to  the  more  distant  particles,  the  particles  nearest 
the  rubbing  surface  being  most  aflected,  and  each  in  succession 
being  less  influenced  and  the  retardation  decreasing  towards  the 
part  most  distant  from  the  bottom  and  the  sides,  being  at  a 
maximum  at  the  former  point,  and  a  minimum  at  the  latter. 
The  point  of  maximum  velocity  is  found  to  be  on  a  vertical  line 
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drawn  through  the  deepest  part  of  the  channel  and  a  little  below 
the  surface. 

There  exists  a  point  where  the  velocity  of  the  filaments  of 
the  water  is  at  a  mean  of  the  whole  depth.  This  point  varies 
with  the  depth  and  other  conditions  of  the  river. 

Dubuat,  as  the  result  of  his  observations,  gave  the  following 
rule  for  finding  the  mean  from  the  surface  velocity.  If  unity  be 
taken  from  the  square  root  of  the  surfisice  velocity  expressed  in 
inches  per  second^  the  square  of  the  remainder  is  equal  to  the 
velocity  at  the  bottom,  and  the  mean  velocity  is  equal  to  half 
the  sum  of  the  surface  and  bottom  velocities ; 

or  if  8  =s  surface  velocity  \ 

h  =  bottom      „         \  in  inches 


m  s=  mean 


then  h  =  (>/8  -  If 
8  +  h 

^  =  — "2 

From  a  large  number  of  observations  made  by  Harlacher 
and  Richter  on  the  Elbe,  the  Danube,  and  other  rivers,  the 
mean  velocity  was  found  to  be  85  per  cent,  of  the  surface 
velocity,  and  this  same  result  was  arrived  at  by  Revy  on  the 
Parana  survey.  Rankine  gives  the  mean  velocity  as  75  per  cent, 
of  the  maximum  for  slow  rivers,  and  80  per  cent,  for  rapid 
streams ;  Beardmore  gives  83 ;  Neville,  83  if  taken  in  centre, 
and  91  if  taken  in  several  places.  Downing  gives  a  rule  for 
wide  streams  in  which  the  depth  is  small  compared  with  the 
width,  that  the  mean  velocity  is  very  nearly  proportional  to  the 
square  root  of  the  depth.  Bomeman,  from  observations  made 
on  the  Rhine  at  Basle,  found  that  the  ratio  of  the  mean  and 
surface  velocities  on  one  vertical  ranged  from  07727  to  0*8525, 
the  average  being  0*8226,  and  that  the  mean  velocity  of  the 
whole  stream  was  0*7305  of  the  greatest  surface  velocity. 

J.  Schlichting,  from  observations  on  the  Elbe  near  Memel, 
found  that  the  maximum  velocity  lies  at  the  surface  or  very 
near  it  (in  some  few  cases  he  found  it  a  short  distance  below) ; 
that  the  TpnTimmn  velocity  is  directly  above  the  bed,  and  the 
mean  at  four-ninths  of  the  depth  above  the  bed.    M.  Fontaine, 

E 
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from  observations  made  on  the  Bhine  at  Basle  in  1820,  found 
that  where  the  depth  was  not  great  the  maximum  velocity  was 
at  the  surface,  and  the  velocity  decreased  insensibly  downwards, 
the  decrease  becoming  more  rapid  towards  the  bottom ;  that  the 
mean  velocity  was  85  per  cent,  that  of  the  surface,  and  the 
bottom  56  per  cent ;  and  that  the  position  of  the  mean  velocity 
was  at  a  distance  of  two-thirds  of  the  whole  depth  from  the  top, 
and  half  the  depth  when  the  bottom  was  very  regular. 

The  observations  made  by  Gordon  on  the  Irrawaddy,  in 
depths  of  from  40  feet  to  80  feet,  and  velocities  of  from  5  to  6 
feet  a  second,  showed  the  point  to  be,  in  the  large  majority  of 
instances,  at  one-tenth  of  the  depth,  varying,  however,  in  a  few 
exceptional  cases  from  two-tenths  to  four-tenths.  Near  the 
banks  the  point  was  observed  to  be  lower  down.  The  observa- 
tions of  Major  Cunningham  on  the  Ganges  Canal  showed  the 
point  of  maximum  velocity  to  be  below  the  surface,  falling 
lowest  towards  the  margins,  and  the  mean  velocity  at  and  near 
the  centre. 

Messrs.  Humphrys  and  Abbot's  observations  place  the 
maximum  velocity  at  a  greater  depth  than  any  other  observers, 
in  some  cases  being  at  half  the  depth,  and  in  others  at  one-fourth. 
The  observations  were  made  with  kegs  attached  by  cords  to 
surface  floats.  Results  obtained  in  this  way  in  depths  of  from 
60  to  over  100  feet  cannot  be  regarded  as  strictly  reliable. 

Generally,  the  mean  velocity  may  be  taken  at  85  per  cent,  of 
the  maximum,  and  its  position  at  the  centre,  or,  in  deep  rivers, 
at  0*45  of  the  depth  measured  from  the  surface. 

The  point  of  maximum  velocity  is  generally  a  little  below 
the  surface  on  the  vertical  line  passing  through  the  deepest  part 
of  the  river,  the  water  on  the  immediate  surface  being  retarded 
by  the  friction  with  the  atmosphere. 

The  minimum  velocity  is  at  the  bottom,  and  its  proportion 
to  the  maximum  velocity  will  be  affected  to  a  large  extent  by 
the  quantity  of  sediment  that  is  being  carried,  and  the  depth  of 
the  stream.  Rankine  gives  the  bottom  velocity  &s  60  per  cent, 
of  the  surface  for  ordinary  rivers,  and  50  per  cent,  for  very  slow 
currents.  Grieve,  in  observations  made  on  the  Oder  and  the 
Wai-the,  found  that  at  depths  of  about  10  feet  the  i-atio  varied 
from  61  to  55  per  cent.  Revy,  on  the  Parana,  found  that,  for 
depths  of  about  24  feet  the  ratio  was  only  35  per  cent. 
Observations  made  on  the  Rhine  and  the  Meuse  gave  the  ratio 
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of  bottom  to  surface  velocity  as  0*63  in  depths  of  about  10  feet, 
and  0-57  for  depths  of  about  25  feet. 

Generally,  then,  it  may  be  taken  that  the  bottom  velocity 
varies  from  about  75  per  cent,  of  the  surface  velocity  for  rivers 
of  depths  of  about  5  feet,  to  50  per  cent,  for  three  times  this 
depth,  and  66  per  cent,  for  large  rivers. 

In  these  proportions  for  maximum  velocity  no  account  has 
been  taken  for  the  action  of  the  wind.  Gales  have  a  con- 
siderable influence  in  retarding  or  increasing  the  surface,  and, 
proportionately  the  whole,  velocity.  In  estuaries  a  continuance 
of  wind  from  one  quarter,  or  heavy  gales,  considerably  hasten  or 
retard  the  flow  of  the  tides,  and  cause  them  to  be  abnormally 
raised  or  depressed,  according  to  the  direction  from  which  they 
come.  In  lakes  and  large  sheets  of  inland  water,  the  wind  has 
considerable  eflect  in  lowering  the  water  on  the  windward  and 
raising  it  on  the  lee  side.  Where  the  volume  of  the  water  is 
large,  the  eflect  of  the  wind  does  not  extend  to  any  considerable 
degree  below  the  surface.  Thus  at  the  outfall  of  the  Rhone  in 
the  Mediterranean  there  exists  a  littoral  current,  caused  by  the 
wind  blowing  from  one  direction.  It  was  found,  however,  that 
it  did  not  extend  to  more  than  about  6^  feet  below  the  surface, 
and  is  not,  therefore,  sufficient  to  prevent  the  deposit  of  the 
materials  brought  down  by  the  river.  The  observations  of 
Messrs.  Humphrys  and  Abbot  on  the  Mississippi  showed  that 
the  eflect  of  wind  on  a  river  (exclusive  of  tidal  causes)  does 
not  reach  beyond  mid-depth. 

The  laws  governing  the  flow  of  tidal  water  are  more  compli- 
cated than  those  of  rivers  in  which  the  stream  is  always  running 
in  one  direction.  In  the  former  case  the  direction  of  flow  is 
continually  being  reversed,  and  salt  water  of  greater  density 
than  fresh  has  to  force  its  way  against  a  current  coming  from 
an  opposite  direction.  The  momentum  of  the  ebb  water  has  not 
only  to  be  checked  and  its  siurface  inclination  reversed,  but  a 
current  established  in  an  opposite  direction  to  that  which  the 
natural  slope  of  the  district  and  the  bed  of  the  river  would 
indicate  as  the  way  water  would  naturally  run.  In  a  paper 
in  the  ProceediTigs  of  the  Institution  of  Civil  Engineers,  Mr. 
W.  R.  Browne  produced  the  result  of  observations  taken  by  him 
in  the  river  Avon,  near  Bristol,  to  show  that  until  about  the  end 
of  the  flrst  quarter  of  the  ebb,  on  a  tide  rising  21  feet  and  a  low- 
water  depth  of  5^  feet,  the  water  had  absolutely  no  motion  at 
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the  bottom  of  the  channel,  the  surface  velocity  being  3*57  feet 
a  second ;  but  that  after  this  the  lower  particles  began  to  move 
in  the  same  direction  as  the  surfax^e  current,  until  they  attained 
a  velocity  of  about  0*7  that  of  the  surface.  As  the  direction  of 
the  water  in  a  tidal  stream  has  to  be  reversed,  there  is  probably 
a  period  of  longer  or  shorter  duration  of  slack  water,  while 
the  reversing  process  is  in  operation.  So  far  as  the  surface 
is  concerned,  it  is  a  matter  of  common  observation  that 
between  the  time  of  high  water  and  the  commencement  of  the 
ebb  an  interval  of  slack  water  occurs,  a  period  seldom  reaching 
half  an  hour ;  but  it  does  not  seem  to  harmonize  with  the  laws 
governing  the  motion  of  water,  that  so  long  a  period  of  slack 
water  as  Mr.  Browne's  observations  showed  can  exist  in  tidal 
rivers. 

Mr.  Stevenson  found  that  in  Cromarty  Firth  there  was  an 
under  current  at  flood-tide  exceeding  that  on  the  surface.  The 
width  of  the  Fu*th  is  4500  feet,  and  the  depth  150  feet.  At  the 
surface  the  velocity  of  the  water  was  at  the  rate  of  1"8  miles 
an  hour ;  at  60  feet  deep  the  velocity  was  4  miles  an  hour.  On 
the  ebb  the  surface  velocity  was  at  the  rate  of  2*7  miles ;  and 
at  50  feet,  4*5  miles.  In  the  river  Dee  at  Aberdeen  observations 
showed  that,  while  there  was  an  outward  upper  current  of  fresh 
water,  there  was  an  inward  current  of  salt  water  at  the  bottom^ 
the  surface  gradually  rising  with  the  influx  of  the  tidal  water. 

The  contour  of  rivers  in  their  natural  condition  is  never 
found  to  be  regular,  either  horizontally  or  vertically.  The 
course  of  the  river,  whether  tidal  or  fresh,  consists  of  a  series  of 
curves,  and  a  straight  reach  of  any  length  is  very  exceptional 
The  bed  also  consists  of  a  series  of  pools  and  shallows,  which 
maintain  their  shape  and  position  without  change,  although  the 
conditions  of  the  flowing  water  are  continually  varying,  at  one 
time  running  with  great  depth  and  velocity,  and  carrying  along 
large  quantities  of  solid  material,  and  at  other  times  running 
with  low  velocity  and  at  less  depth.  Temporary  alterations 
may  occasionally  occur,  and  a  river  may  change  its  course; 
but  where  the  course  remains  unaltered,  the  contour  of  the 
bed  will  be  found  to  remain  materially  unaltered.  Without 
an  investigation  of  the  cause  of  this,  it  would  seem  natural  that 
the  heavy  material  carried  by  the  water  in  suspension  would  be 
deposited  in  the  pools,  and  that  they  would  become  filled  up, 
and  the  bed  raised  throughout,  in  the  same  manner  as  occurs  at 
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the  mouth  of  large  tideless  rivers.  After  the  contour  of  a  river 
has  once  been  determined,  an  equilibrium  is  set  up  between  the 
erosive  action  of  the  water  and  the  resistance  of  the  material  of 
which  the  bed  is  composed,  and,  this  equilibrium  being  once 
established,  the  pools  are  maintained  by  the  rotary  action  of  the 
flowing  water. 

It  has  been  already  shown  that  the  particles  of  water  never 
move  forward  in  a  mass,  but  that  each  particle  is  deflected 
from  its  course  by  the  difference  of  level  of  the  surface  and  the 
irregularities  of  the  bed.  The  tendency  of  the  particles  is  to 
move  in  a  curved  or  rotary  path,  in  which  the  whole  mass  of 
the  water  participates.  This  rotary  motion,  acting  on  the  sides 
of  the  channel,  tends  to  scour  away  such  portions  of  the  soil  as 
are  not  sufficiently  tenacious  to  resist  the  action^  and  gradually 
a  hollow  is  scooped  out.  This  accomplished,  the  curved  motion 
of  the  particles  is  increased ;  the  filaments  of  water  are  driven 
out  of  the  straight  path  and  reflected  on  to  the  opposite  bank, 
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Fig.  3.— DUgTAin  showing  motion  of  water. 


and  so  a  series  of  curves  is  set  up.  This  motion  is  shown  by  the 
arrows  in  the  diagrams  (Figs.  3  and  4).  In  a  pool  the  particles  of 
water,  being  reflected  vertically,  horizontally,  and  longitudinally. 
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Fig.  4.— Ditto. 


are  whirled  round  in  every  direction,  setting  up  a  centrifugal 
or  screwing  motion,-  but  always  moving  onwards  as  fresh 
particles  of  water  arrive.  This  action  is  increased  by  the 
particles  having  to  descend  over  the  edge  of  the  pool  at  a  sharp 
angle,  and  then  striking  the  bottom  and  being  reflected  upwards. 
Particles  of  solid  material  in  suspension  in  the  water  are  thus 
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kept  in  continual  motion.  As  they  descend  into  a  pool  they  are 
thrown  upwards  and  rolled  round,  until  finally  they  are  caught 
by  the  upper  current  and  carried  forward. 

In  flowing  water,  in  addition  to  the  static  force  which  at  the 
same  depths  presses  against  the  sides  and  bottom  of  the  channel 
equally  in  all  directions,  there  is  also  a  dynamic  force  depending 
on  the  velocity.  If  the  direction  of  a  stream  be  changed,  the 
particles  of  water  are  impelled  against  the  side  of  the  channel, 
which  presents  an  obstacle  to  the  original  line  of  direction  by 
this  dynamic  action.  The  force  thus  brought  into  play  is 
absorbed  chiefly  either  in  cutting  and  carrying  away  the 
material  of  which  the  bank  is  composed,  or,  when  a  state  of 
equilibrium  has  been  reached  and  the  bank  is  sufficiently 
tenacious  to  withstand  the  impact,  in  heaping  up  the  water 
and  creating  a  greater  head.  In  all  curves  there  is,  therefore, 
a  radial  dynamic  action  from  the  convex  towards  and  on  to  the 
concave  side,  causing  currents  in  that  direction,  which  tend  to 
deepen  the  channel  both  horizontally  and  vertically ;  or  else  to 
increase  the  velocity  and  raise  the  surface  of  the  water  on  the 
concave  side,  and  to  shoal  and  decrease  it  on  the  convex  side 
(see  Figs.  4,  5). 
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Fio.  5.— Diagram  showing  motion  of  water. 

A  channel  which  has  once  attained  a  state  of  equilibrium  is 
prevented  from  being  further  eroded  at  the  curved  portions 
owing  to  the  varying  action  of  the  particles  of  water  as  they 
pass  round  the  curve.  When  water  which  is  moving  along  a 
straight  channel  comes  to  a  part  that  is  curved,  the  particles  of 
water  which  are  nearest  to  the  concave  side  are  the  first  to 
come  in  contact  with  the  curved  side  of  the  channel,  and  are 
thus  the  first  to  be  deflected  from  their  course.  The  particles 
next  to  these,  being  later,  will  collide  with  those  previously 
deflected,  and  a  similar  action  will  take  place  as  each  parallel 
series  arrives.  The  consequence  is  that  the  full  force  of  the 
water,  instead  of  acting  directly  on  to  the  hollow  side  of  the 
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bank  and  eroding  it,  will  be  gradually  cashioned  by  that  part  of 
the  stream  which  has  already  impinged  on  it.  Even  in  a  sandy 
estuary,  if  a  deep  trough  be  once  scoured  out,  the  reaction  of  the 
tidal  currents  flowing  up  and  down  and  impinging  against  the 
sides  and  bottom  will  create  an  eddying  or  boring  action  which 
maintains  the  trough  at  its  greatest  depth  and  prevents  deposit. 
It  is  due  to  this  action  that  the  deep  pools  are  maintained,  such 
as  the  Sloyne  in  the  Mersey,  Lune  Deeps  in  the  Irish  Sea, 
Lynn  Well  in  the  Wash,  and  the  steep  mounds  of  sand  with 
deeps  on  each  side  which  exist  as  bars  at  the  mouths  of  some 
tidal  rivers. 

As  an  instance  of  the  rotary  action  of  water  in  scouring  out 
the  bottom  of  pools,  the  following  incident  may  be  quoted.  An 
old  barge  was  sunk  in  the  Severn  above  the  weir  near  Holt,  in 
10  feet  of  water,  and  remained  there  until  the  first  freshet  came, 
when  it  was  lifted  bodily  on  to  the  top  of  the  weir,  the  depth  of 
water  not  being  sufficient  to  carry  it  over.  In  this  same  reach 
of  the  river  the  bottom  of  the  channel  above  the  weir  was 
scoured  out  to  a  depth  of  20  feet  The  same  effect  may  frequently 
be  found  in  canalized  rivers  where  the  freshets  occasionally 
run  with  sufficient  strength,  the  deepest  water  being  found 
immediately  above  the  weir,  owing  to  the  water  being  reflected 
back  from  it,  causing  a  rotary  and  screwing  action,  which 
erodes  the  bottom. 

In  rivers  where  the  conditions  of  flow  are  altered  owing  to 
land  floods  or  tides,  the  transverse  surface  in  a  straight  reach 
will  be  found  to  be  convex  when  the  volume  is  being  rapidly 
enlarged,  and  concave  when  the  water  in  the  river  is  falling. 
In  the  former  case  the  velocity  is  greatest  along  the  axis  of  the 
stream,  where  the  depth  is  greatest  and  the  friction  is  least ; 
the  water  then  becomes  heaped  up.  In  a  falling  stream,  from 
the  same  causes,  the  water  passes  out  of  the  channel  most  rapidly 
along  the  deepest  part.  Where  the  flood  or  tidal  water  has 
spread  out  laterally,  it  is  thus  drawn  in  larger  quantities  than 
it  otherwise  would  be  into  the  channel  proper. 

Ellet^  in  his  account  of  the  Ohio,  states  that  in  all  great 
freshets,  when  the  water  is  rising,  the  drift  leaves  the  channel 
and  bends  towards  the  shore ;  when  the  surface  falls,  it  recedes 
from  the  shore  and  seeks  the  thread  of  the  channel.  The  river, 
while  on  the  rise,  is  higher  at  the  centre  than  at  the  borders.  As 
the  water  falls  the  efiect  is  reversed.    The  boatmen  fipd  that 


56  TIDAL  RIVERS. 

when  the  river  is  falling,  the  boats  and  rafts  always  keep  to  the 
centre^  and  a  flait  boat  will  keep  its  course  for  a  whole  day  with- 
out the  sweeps  being  once  used;  when,  however,  the  river  is 
rising,  the  boats  are  continually  being  drawn  towards  the  banks. 

Baumgarten  found  that  on  the  Garonne,  when  the  water 
was  rising  at  the  rate  of  '5  feet  in  twenty-four  hours,  with  a 
maximum  velocity  of  7  feet  per  second,  the  water  in  the 
middle  of  the  river  was  0'4  foot  above  that  on  the  right  bank, 
and  01  foot  above  that  on  the  left,  in  a  channel  600  feet 
wide  and  nearly  straight.  When  the  water  was  falling  at 
the  rate  of  8  feet  a  day,  with  a  maximum  velocity  of  7'5  feet 
per  second,  the  surface  was  a  plane,  being  at  the  right  bank  a 
little  less  than  01  foot  above  its  level  on  the  opposite  side  of 
the  river.  From  observations  made  on  the  Rhine  at  Basle,  it 
was  found  that  there  was  a  difference  of  10^  inches  between  one 
side  "^d  the  other,  and  the  thread  of  the  stream  was  one  inch 
higher  than  the  lower  side. 

M.  Fontaine  found  on  the  Rhine  at  Basle  that  the  transverse 
surface  of  the  water  varied  from  convex  to  concave  or  horizontal 
as  the  river  was  risiug,  falling,  or  slack. 

In  tidal  rivers,  as  the  flood-tide  is  poured  into  the  channel 
the  surface  of  the  water  becomes  convex,  and  it  spreads  out 
laterally  as  soon  as  it  rises  above  the  banks.  On  the  ebb  the 
reverse  action  takes  place,  and  the  water  is  drawn  off  the  lateral 
bed  into  the  channel.  This  description  of  the  condition  of  the 
water  in  a  tidal  channel  is  confirmed  by  observations  made  on 
the  Seine  by  M.  Franzius. 

H.  C.  Ripley,  who  was  engaged  in  the  survey  of  the  Brazos 
river  in  Texas,  found  the  following  results,  arising  from  his 
investigations  of  the  curves  in  that  river : — 

1.  That  the  average  width  of  the  river  was  TJ  per  cent  less 
in  bends  than  in  straight  reaches. 

2.  The  average  sectional  area  was  13j^  per  cent,  greater  in 
bends  than  in  reaches. 

3.  The  average  maximum  depth  was  58  per  cent,  greater  in 
bends  than  in  reaches. 

4.  The  average  hydraulic  radius  was  24^  per  cent  greater  in 
bends  than  in  reaches. 

5.  The  average  ratio  of  the  maximum  depth  to  the  hydraulic 
radius  was  29  per  cent  greater  in  bends  than  in  straight 
reaches. 
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6.  The  average  wetted  perimeter  was  6i  per  cent,  less  in 
bends  than  in  reaches. 

Thus  the  average  width  and  wetted  perimeter  are  slightly 
less,  the  sectional  area  is  greater,  and  the  maximum  depth  is 
decidedly  greater,  in  bends  than  in  reaches. 

Velocity  Formnla. — The  relative  value  of  the  accelerating  and 
retarding  forces  was  reduced  to  algebraic  terms  in  a  simple 
formula  given  by  Chezy,  which  for  English  measures  may  be 
rendered — 

V=CVRS 

in  which  V  =  the  mean  velocity,  R  the  hydraulic  mean  depth, 
and  S  the  sine  of  the  slope;  C  being  a  constant  determined 
by  observation. 

For  pipes  or  masonry  culverts,  and  in  a  less  degree  in  open 
earthen  channels  of  regular  section  required  for  drainage  or 
irrigation,  where  a  certain  fixed  quantity  of  water  has  to  be 
delivered  within  a  definite  time,  a  method  of  computing  the 
velocity  is  essential,  and  for  this  purpose  there  are  formulae  and 
tables  which  give  reliable  results.  For  a  river,  and  especially 
a*tidal  river,  with  all  the  varying  conditions  which  attach  to 
such  a  channel,  a  formula  of  this  character  can  only  give  approxi- 
mate results. 

The  section  of  the  channel  will  vary  not  only  with  the 
movement  of  the  tide,  but  at  nearly  every  place  where  it  is 
taken,  and  the  velocity  will  be  continually  changing  either  as 
the  section  varies  or  as  the  inclination  of  the  surface  varies  with 
the  range  of  the  tide.  Even  in  a  river  where  the  current  runs  in 
only  one  direction  it  will  be  found  that  the  inclination  of  the 
surface  varies  in  every  reach,  and  that  it  is  exceedingly  difficult 
to  select  a  reach  where  the  conditions  are  sufficiently  favourable 
to  obtain  results  that  will  afford  figures  to  enable  the  discharge  to 
be  computed  by  any  velocity  formula. 

An  engineer  requires  a  formula  having  as  few  figures  as 
possible,  in  order  that,  with  little  trouble,  he  may  ascertidn 
approximately  what  the  velocity  and  discharge  will  be  with  a 
given  section  and  inclination  of  the  surface,  in  any  channel 
with  which  he  has  to  deal,  in  the  altered  condition  required 
for  its  improvement.  The  qualifying  coefficient  to  be  used  must 
be  determined  by  his  own  judgment,  aided  by  observations  made 
on  such  portions  of  the  river  he  is  dealing  with  as  most  nearly 
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approach  the  conditions  of  the  new  channel.  The  formulae  moat 
applicable  to  water  flowing  in  earthen  channels  are  given  in  the 
Appendix.  The  one  containing  fewest  figures  in  working  out, 
and  the  most  generally  useful  for  tidal  rivers,  is — 

V=CV2KF 

where  F  =  the  fall  per  mile  in  feet,  and  R  the  hydraulic  mean 
depth  in  feet,  Y  being  the  mean  velocity  in  feet  per  second. 
Approximately,  the  constants  may  be  taken  as  follows : — 


For  small  streams  disoharging  about  50  cubic  feet  a  second 
For  larger  streams  of  from  200  to  300  cubic  feet  a  second 
For  tidal  riyers       1000  cubic  feet 
For    ,.       „         10,000    „ 
For    „        .,       100,000 
For    „       „     1,000,000 


»• 


»* 


»» 


»> 


>» 


»» 


»» 


0-65 
0*75 
085 
0U5 
1-00 
1-50 


CHAPTER  IV. 

THE  TRANSPORTING  POWER  OF  WATER. 

All  rivers  during  land  floods  are  charged  with  a  large  quantity 
of  alluvial  matter  which  is  carried  away  in  suspension,  and  their 
turbid  condition  then  testifies  to  the  work  that  is  being  done  in 
the  transport  of  material  This  detritus  is  the  result  of  the  dis- 
integrating effect  of  frosts  and  rains,  which  break  up  and  loosen 
the  soil  sufficiently  to  allow  of  its  being  washed  by  the  rain  into 
the  river.  On  reaching  the  channel  of  the  stream  it  becomes 
thoroughly  mixed  with  the  water,  and  is  carried  along  in  sus- 
pension. When  this  material  reaches  a  tidal  estuary,  it  is 
transported  over  the  sands  and  deposited  near  the  banks  during 
the  time  of  slack  tide,  where,  owing  to  the  shallow  depth,  there 
is  little  or  no  scour,  causing  salt  marshes  to  accrete ;  or  else  it 
is  carried  out  by  the  ebb  current  and  deposited  in  the  sea. 

^TSlowing  water  frequently  passes  along  the  bed  over  which 
it  is  flowing  without  exercising  the  erosive  action  due  to  the 
velocity  at  which  it  is  running.  A  very  slight  cause  may  change 
part  of  this  velocity  into  erosive  energy.  A  slight  obstruction 
placed  in  the  bed  of  a  sandy  channel  will  cause  erosion,  and  the 
scouring  of  a  pool  where  previously  the  water  had  passed  over 
without  any  effect.  The  deep  pools  always  to  be  found  at  con- 
cave bends  are  instances  of  the  development  of  this  power. 

At  certain  velocities  water  has  an  eroding  as  well  as  a  trans- 
porting power.  Under  normal  conditions  the  sectional  area  of 
a  river  is  sufficient  to  allow  of  a  velocity  slow  enough  to  prevent 
erosion,  and  the  natural  bed  of  the  river  remains  in  a  state  of 
stability.  If,  however,  the  velocity  is  sufficiently  increased,  or 
any  agency  comes  into  play  that  disturbs  the  material  composing 
the  bed  or  banks,  the  transporting  power  of  the  water  then 
carries  away  the  soil,  and  the  sectional  area  becomes  enlarged* 
In  the  same  way  detritus  brought  down  at  one  time  and  deposited 
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in  a  channel  may  be  transported  away  in  floods  when  the  velocity 
is  sufficient  to  erode  and  stir  it  up.  Thus,  also,  tidal  currents 
may  flow  over  sands  without  disturbing  or  removing  them,  but 
if  these  sands  are  broken  up  by  wind  or  wave  action,  the  sand 
may  be  transported  by  the  tidal  cuiTent  into  the  rivers.  Shingle 
beaches  are  only  found  where  there  is  a  considerable  rise  of 
tide  and  sufficient  wave  force  is  generated  to  erode  the  clifls. 

If  a  stream  is  loaded  to  its  full  carrying  capacity,  it  will  not 
take  a  greater  burden,  but  flows  against  the  banks  and  over  its 
bed  without  eroding  them.  If,  however,  it  is  not  overburdened, 
and  the  velocity  is  sufficient  to  erode,  it  will  pick  up  material 
from  the  soil  over  which  it  passes. 

The  work  performed  by  water  in  transporting  material 
assumes  enormous  proportions  in  some  of  the  larger  rivers.  For 
example,  the  Mississippi  conveys  into  the  Gulf  of  Mexico  every 
year  on  an  average  363  million  tons  of  detritus,  equal  to  a  space 
one  mile  square  and  241  feet  deep.  The  mean  proportion  of  solid 
matter  contained  in  suspension  in  the  water  is  as  1  to  1500,  the 
maximum  being  1  to  681.  In  addition  to  this,  the  quantity 
rolled  along  the  bottom  is  estimated  as  equal  to  a  mass  one  mile 
square  and  27  feet  deep,  or  37jt  millions  of  tons.  In  the  La  Plata, 
the  suspended  matter  carried  in  suspension  past  Buenos  Ayres 
every  twenty-four  hours  in  the  ordinary  state  of  the  river  was 
found  to  be  212,000  cubic  yards,  equal  to  77,380,000  cubic  yards 
in  a  year.  Observations  made  on  the  Volga  showed  that  in 
fifty  days,  during  a  flood,  the  solid  matter  carried  in  suspension 
amounted  to  1^  million  cubic  yards.  The  Nile  carries  49^  million 
tons  of  solid  matter  to  the  sea  in  suspension  in  a  year  of  average 
discharge.  The  Hooghly  is  estimated  to  carry  thirty -nine  million 
cubic  yards  of  mud  in  a  single  season.  The  Danube,  on  an  average 
of  years,  is  estimated  to  convey  nearly  sixty-eight  million  tons 
of  solid  matter  into  the  Black  Sea;  the  quantity  of  matter  in  sus- 
pension varying  from  910  to  6  grains  in  a  cubic  foot  taken  from 
the  surface,  the  mean  being  156  grains,  or  ^^^^  of  the  weight  of 
the  water ;  this  quantity  is  carried  when  the  velocity  is  1:86  feet 
per  second.  The  Durance  is  stated  to  transport  sevent^h  million 
tons  of  earthy  matter  in  a  year.  When  the  training  wails  of  the 
South  Pass  of  the  Mississippi  were  put  in,  the  scouring  action 
due  to  the  concentration  of  the  current  removed  70,000  cubic 
yards  in  seven  days,  and  7,607,000  cubic  yards  in  four  years. 
In  the  Seine,  after  the  training  walls  were  put  in,  it  was  calcu- 


THE   TRANSPORTING  POWER   OF  WATER.  6i 

lated  that  eighty  million  cubic  yards  of  materials  was  removed 
by  the  transporting  power  of  the  water.  As  a  further  illustra- 
tion of  the  power  of  water  to  transport  material,  an  instance 
which  came  under  the  author's  own  observations  may  be  quoted. 
During  the  dry  summer  of  1868,  silt  which  had  accumulated  in 
the  river  Witham  to  the  extent  of  1^  million  tons  was  washed 
out  by  the  winter  floods  in  the  course  of  a  few.  weeks,  and 
transported  to  the  estuary  seven  miles  away. 

The  instance  of  Dungeness  Bay,  given  by  Captain  Washing- 
ton in  the  Report  of  the  Tidal  Harbour  Commissioners,  may  also 
be  quoted,  where  there  was  an  increase  of  430  acres  of  sand 
averaging  7  feet  6  inches  deep,  equal  to  seven  million  tons, 
which  had  been  deposited  in  thirty-five  years. 

The  quantity  of  material  carried  in  suspension  varies  very 
considerably.  In  some  rivers  upwards  of  two  per  cent,  in 
weight  of  tiie  total  volume  of  water  passing  along  the  channel 
consists  of  solid  matter.  In  the  Tees,  when  the  training  works 
were  going  on,  the  quantity  of  material  in  suspension  amounted 
to  nearly  2  lbs.  in  a  cubic  foot»  or  ^  of  the  weight  of  the  water. 
In  the  Durance  and  the  Vistula  the  proportion  in  floods  is  ^  \ 
in  the  Garonne  and  the  Bhine  in  Holland,  j^q  ;  the  Rhone  in 
floods  carries  -^\^ ;  the  maximum  ever  observed  being  -^,  with 
a  mean  velocity  of  the  current  of  8  feet  per  second.  With  this 
proportion  the  quantity  of  solid  material  carried  in  each  cubic 
foot  of  water  amounts  to  426^  tons  a  day.  In  the  Quadalquiver 
the  quantity  was  found  to  amount  to  four  per  cent.  Much 
attention  has  been  given  to  the  amount  of  silt  that  can  be 
carried  in  suspension  by  the  canals  in  India,  with  the  view  of 
ascertaining  the  maximum  amount  of  fertilizing  matter  that 
can  be  transported  on  to  the  land  with  a  minimum  of  deposit 
in  the  canal,  the  water  in  which  has  a  velocity  that  shall  not 
erode  the  banks  or  interfere  with  the  navigation.  On  the 
canals  fed  by  the  Indus  the  matter  carried  in  suspension  in  the 
water  was  found  to  be  ^  J^  of  the  weight,  one-third  of  which 
was  deposited  in  the  canal,  leaving  ^^^  as  the  quantity  trans- 
ported on  to  the  land  at  a  velocity  of  3  feet  per  second;  this 
quantity  is  equal  to  12  tons  for  every  cubic  foot  of  water  in 
twenty-four  hours.  In  the  Nile,  a  velocity  of  2  feet  per  second 
prevents  deposit  when  the  water  is  much  charged  with  slime ; 
when  the  velocity  is  less  than  1*8  foot  per  second,  silt  is  de- 
posited.   The  quantity  carried  in  suspension  amounts  to  ^^  of 
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the  weight  of  the  water.  From  observations  made  by  the  author 
ou  the  river  Welland,  in  Lincolnshire^  when  the  bed  of  the  river 
was  being  mechanically  disturbed,  and  from  samples  taken  four 
miles  below  the  place  of  disturbance,  the  quantity  of  matter 
in  suspension  was  found  to  be  ^^-4  of  the  weight  of  the 
water.  The  rate  of  current  being  3  feet  per  second.  This  was 
equal  to  11*8  tons  in  twenty-four  hours  in  each  cubic  foot  of 
water.* 

Taking  the  specific  gravity  of  water  as  1,  the  relative  weight 
of  coarse  river-sand  is  1'88;  fine  sand,  1*52;  clay,  1*90;  alluvial 
matter,  from  1*92  to  2*72.  A  cubic  foot  of  water  weighs  62*5  lbs. ; 
of  coarse  sand,  117*5  lbs.;  fine  sand,  95  lbs.;  clay,  118*75  lbs.; 
alluvial  matter,  120  to  170  lbs. ;  silt,  103  lbs. 

The  matter  to  be  transported,  being  much  heavier  than  the 
water,  will  pass  from  a  state  of  suspension  to  that  of  deposit 
when  the  water  in  which  it  is  contained  ceases  to  be  in  motion. 
A  solid  particle,  being  of  greater  density  than  the  water,  is  con- 
tinually tending  to  sink,  the  time  occupied  being  proportionate 
to  its  size  and  specific  gravity.  The  particles  of  water  in  run- 
ning streams  have,  however,  a  considerable  upward  motion, 
which  is  sufiicient  to  counteract  the  downward  tendency  of  the 
solid  particles.  Thus  particles  of  considerable  size  may  remain 
in  suspension  for  long  distances,  while  the  fin6r  particles  may 
be  altogether  prevented  from  sinking.  The  motion  of  water  in 
running  streams  is  never  unifoiTu,  and  the  relative  position  of 
the  suspended  particles  is  constantly  being  changed.  The 
direction  of  the  particles  is  altered  by  the  varjdng  form  of  the 
bottom  and  sides,  by  impediments  met  with  on  its  course,  and 
by  the  varying  velocity  of  the  whole  mass  due  to  the  friction 
of  the  sides  and  bottom,  and  of  the  individual  particles  of  water. 
Continual  eddies  and  miniature  whirlpools  are  constantly  being 
generated,  by  which  a  rotary  motion  is  given  to  the  water. 
The  particles  of  matter  in  suspension  are  carried  forward  by  the 
velocity  of  the  c  urrent  and  thrown  upwards  by  the  eddies,  and 
thus  kept  from  sinking  to  the  bottom.  The  bed  of  a  river  is 
rarely  regular,  but  consists  of  a  series  of  pools  and  shoals,  which 
have  the  efiect  of  continually  altering  the  direction  of  the 
particles  of  water.  Even  where  the  bed  approaches  to  a  level 
surface  it  frequently  contains  a  series  of  ridges,  composed  of 

*  The  quantity  of  material  carried  in  suspension  in  different  rivers  will  be 
found  in  the  Appendix. 
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the  deposit  in  transit.  These  i*idges  have  almost  invariably  a 
gentle  slope  on  the  upper  side,  with  a  more  vertical  inclination 
on  the  down-stream  side.  Even  where  the  material  is  sand,  the 
down-stream  side  often  presents  an  ahnost  vertical  face,  over 
which  the  moving  particles  are  rolled.  These  ridges  are  con- 
stantly altering  their  form,  due  to  the  changing  size  of  the 
partides  rolled  along,  a  single  pebble  often  altering  the  whole 
shape  of  the  moving  detritus. 

If  the  velocity  of  the  stream  be  checked  by  a  widening  of 
the  channel,  the  motion  of  the  water  becomes  less  disturbed,  and 
a  portion  of  the  matter  in  suspension  is  deposited,  the  quantity 
depending  on  the  variation  in  the  velocity  of  the  current.  This 
deposit  reduces  the  area  of  the  channel,  and  tends  to  restore  the 
normal  velocity.  A  slight  retardation  of  the  current,  however, 
does  not  necessarily  produce  a  deposit.  Increase  in  depth  does 
not  cause  deposit  in  the  way  that  increase  of  width  does.  The 
particles  of  water  in  the  latter  case,  descending  on  one  side  of 
the  deep  and  rising  on  the  other,  cause  a  rotary  or  centrifugal 
motion  in  the  hollow ;  the  particles  of  matter  brought  into  the 
depression  are  rolled  round  and  directed  upwards,  and  ultimately 
carried  off  by  the  film  of  water  moving  above  the  surface  of  the 
pit. 

When  the  water  is  highly  charged  with  deposit,  the  greater 
amount  will  be  found  at  the  bottom  and  the  least  at  the  surface. 
When  it  is  undercharged,  the  distribution  is  more  general,  the 
amount  at  any  point  being  determined  by  the  greater  or  less 
disturbance  of  the  particles  due  to  eddies  and  whirlpools.  In 
the  Rhone  delta,  where  the  water  was  very  highly  charged,  the 
proportion  was  found  to  be  as  100  at  the  surface  to  188  at  the 
bottom.  In  the  Mississippi,  in  its  ordinary  condition,  the  pro- 
portion was  only  147  to  188.  In  a  sandy  estuary,  where  the 
water  was  much  undercharged,  the  author  has  found  the  pro- 
portion to  vary  as  8  to  14  and  12  to  28. 

The  power  of  water  to  transport  solid  matter  depends  on  the 
velocity — modified  by  the  depth — which  governs  the  transport- 
ing power  in  two  ways:  One  certain,  when,  the  quantity  of 
water  being  constant,  the  amount  of  material  carried  will  vary 
directly  as  the  velocity,  and  as  affected  by  the  time  that  gravity 
has  to  act  on  the  particles  while  travelling  a  given  distance. 
The  other  uncertain,  and  due  to  the  increase  of  eddies  and 
whirling  motions  set  up  by  the  increased  momentum  of  the 
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stream.  With  regard  to  the  first,  if  a  given  quantity  of  water 
carries  a  given  quantity  of  material  in  suspension^  it  is  obvious 
that  by  increasing  the  pace  throughout  the  whole  of  the  channel 
the  quantity  of  material  carried  must  also  be  increased.  It  is, 
however,  impossible  to  lay  down  any  rule  for  the  second  fS^stor, 
as  it  must  depend  on  the  contour  of  the  channel  and  the  means 
for  setting  up  the  whirling  or  rotary  motion  that  keeps  the 
particles  in  suspension. 

The  weight  of  sand  and  pebbles  when  immersed  in  water 
being  only  about  half  their  weight  in  air,  these  materials  are 
more  easily  transported  by  currents  of  moderate  velocity. 
Sand  or  pebbles  lying  on  the  bottom  of  a  river  present  an 
obstacle  to  the  free  motion  of  the  particles  of  water  and  check 
their  momentum.  They  are  therefore  acted  on  by  the  dynamic 
force  of  the  flowing  current  in  addition  to  the  transporting 
power  due  to  the  velocity  alone.  It  is  to  this  cause  that  pebbles 
and  shingle  are  moved  along  a  beach  by  tidal  currents  of  small 
velocity,  and,  when  aided  by  the  disturbance  caused  by  waves, 
stones  of  very  considerable  size  are  brought  from  deep  water 
and  left  stranded  on  the  shore.  The  momentum  contained  in 
the  deep  water  of  the  sea,  due  to  the  tides  aided  by  the  current 
acting  on  heavy  bodies  in  a  partial  state  of  flotation,  carries 
these  along  and  lands  them  in  a  position  from  which  the  retum- 
"^  ing  wave  has  not  power  to  move  them. 

^  It  has  been  shown  in  a  previous  chapter  that  the  particles 
of  water  of  which  a  running  stream  consists  are  continually 
rolling  round  one  another  in  circular  orbits,  and  that  the  size 
of  these  circles  depends  on  the  depth  of  the  stream.  The  deeper 
and  wider  the  stream  the  less  the  rotary  motion  is  impeded. 
The  smaller  the  diameter  of  the  orbits  described  by  the  particles 
the  more  disturbed  is  the  condition  of  the  water  and  of  the 
paiiicles  of  solid  materials  which  it  contains,  and  therefore  the 
greater  the  ability  of  the  water  to  retain  these  in  suspension, 
and  the  more  the  energy  expended  in  rubbing  and  eroding  the 
sides  and  bottom  of  the  channeL  The  larger  also  the  diameter 
of  the  circle  through  which  the  particles  move  the  more  easily 
they  will  glide  over  the  surface,  and  the  shallower  the  water 
the  more  direct,  frequent,  and  eflective  will  be  their  impulse. 
The  greater  agitation  in  which  shallow  water  is  kept  increases 
its  capacity  to  hold  matter  in  suspension  and  to  erode  its  bed. 
The  strength  of  the  stream  is  absorbed  proportionally  in  this 
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action,  and  the  velocity  accordingly  diminished.  This  is  no 
doubt  the  cause  why  shallow  streams  frequently  erode  the  soil 
of  their  beds  and  banks,  while  deep  water  passes  on  over  the 
same  kind  of  soil  without  exercising  the  same  effect. 

It  has  been  stated  that  a  shallow  stream  running  at  a  high 
velocity  has  less  effect  than  the  scouring  and  transporting  power 
of  a  deep  stream  having  less  velocity,  and  that  the  greatest 
effect  is  produced  when  the  mass  and  velocity  ai*e  at  a  maximum. 
If,  however,  the  above  be  a  correct  description  of  the  motion  of 
water^  this  would  not  be  the  case*  The  author  has  frequently 
observed  the  action  of  moving  water  running  over  sand  in  a 
tidal  tank^  and  has  invariably  found  that  the  greatest  movement 
of  the  sand  took  place  on  the  first  of  the  flood  and  the  last  of 
the  ebb ;  and  that  if  the  particles  of  sand  were  perfectly  quiet 
when  the  water  was  deep,  movement  began  to  take  place  as  the 
water  shoaled  towards  the  end  of  the  tide,  the  movement  of  the 
partides  being  reversed  on  the  flood,  but  ceasing  as  soon  as 
the  water  acquired  any  depth.  It  is  stated  by  Mr.  Corthell,  as 
the  result  of  observations  on  the  Mississippi  works,  that  the 
conclusion  arrived  at  was  that  the  ability  of  a  stream  to  carry 
material  depended  on  the  velocity  modified  by  the  depth,  and 
that  the  power  to  keep  the  sediment  in  suspension  was  inversely 
as  the  depths/ GenerfJ  Eads,  in  his  investigation  of  the  currents^v 
of  the  Mississippi,  came  to  the  conclusion  that  the  quantity  of 
matter  which  a  stream  was  able  to  carry  increased  as  the  square 
of  the  velocity,  and  the  author  believes  this  assumption  to  be 
correct  Mr.  W,  Airy  has  calculated  that  the  capability  of  a 
stream  for  moving  substances  varies  as  the  sixth  power  of  its 
velocity.  That  is  to  say,  that  in  the  case  of  a  stream  moving 
with  a  velocity  of  8  feet  per  second,  if  the  velocity  be  increased 
to  9  feet,  the  increased  velocity  would  move  paxtides  double 
the  weight  that  it  would  before ;  or  if  the  current  were  doubled, 
it  would  move  particles  sixty-four  times  the  weight  that  it  did 
before.  This  formula  was  based  on  the  assumption  that  the 
particles  were  cubes  sliding  along  the  bed  of  the  riven  Mr.  H. 
Law  confirmed  this  view,  and  considered  that  it  would  be  equally 
true  if  the  particles  were  either  cubes  or  spheres,  and  if,  instead 
of  assuming  the  cube  to  slide,  it  was  assumed  to  be  rolled  over 
on  its  edge.  When  cohesion  came  into  play  this  law  no  longer 
held  good,  and  then  the  power  of  the  stream  to  tear  up  the  river- 
bed would  be  as  the  square  of  the  velocity;  in  this  case  the 
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depth  has  also  to  be  taken  into  account.  Much  the  same  result 
as  to  the  scouring  power  of  water  had  been  arrived  at  by  Mr, 
Hopkins,  of  Cambridge,  who  calculated  it  as  being  in  proportion 
to  the  seventh  power  of  the  velocity.  These  calculations  do  not 
apply  to  the  transport  of  the  material  in  suspension  or  the 
quantity  actually  scoured,  but  to  the  size  of  loose  particles  having 
the  same  specific  gravity  turned  over  or  rolled  bj'  the  stream. 

The  velocity  of  running  water  is  checked  by  the  amount  of 
material  carried  in  suspension.  The  specific  gravity  of  detritus 
being  greater  than  water,  greater  work  has  to  be  done ;  the 
propelling  force  due  to  gravity  remaining  the  same,  retardation 
must  therefore  take  place.  Clean  water  will  be  found  to  cause 
erosion  where,  when  the  water  is  highly  charged  with  sediment, 
no  erosion  will  take  place.  On  the  Ganges  Canal,  when  the  water 
passing  through  is  highly  charged  with  deposit  it  is  found  that 
a  certain  amount  of  deposit  takes  place,  but  this  is  picked  up 
v^and  carried  away  when  the  water  becomes  clean. 

The  material  transported  by  rivers  consists  either  of  alluvial 
matter,  clay,  sand,  or  shingle.  The  first  two,  owing  to  the 
fineness  of  the  particles,  are  easily  transpo|*ted  in  a  state  of  sus- 
pension. When  sand  is  disturbed,  a  certain  portion,  consisting 
of  the  very  finest  particles,  is  carried  away  in  suspension,  but  all 
particles  sufficiently  large  to  be  visibly  angular,  as  also  shingle, 
require  a  greater  velocity  of  the  current  to  move  them,  and  their 
transport  is  efiected  by  being  rolled  along  the  bottom.  Although 
clay  will  not  yield  to  such  a  velocity  as  generallj'-  prevails  in 
navigable  rivers,  if  it  be  disintegrated  the  particles  easily  mix 
with  the  water  and  are  carried  away.  The  author  has  found,  as^ 
the  result  of  observation  and  experiment,  that  the  most  effective 
results  may  be  obtained  by  mechanical  disintegration  and  mixing 
from  warp  or  alluvial  deposits,  then  from  clay,. and  the  least 
effect  is  obtained  from  sand. 

The  quantity  carried  in  suspension  at  a  given  velocity  is  not 
wholly  in  proportion  to  the  specific  gravity  of  the  material,  but 
depends  more  on  the  fineness  of  the  particles.  Even  in  still 
water  it  will  be  found  that  the  relative  time  occupied  in  settling 
does  not  vary  as  the  specific  gravity  of  the  materials. 

The  following  table  shows  the  relative  weight  of  different 
materials  when  dry,  the  time  occupied  in  settling  in  a  test-tube, 
and  the  quantity  of  solid  matter  deposited.  The  experiments 
were  conducted  by  means  of  a  wooden  trough  12   feet  long, 
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having  a  channel  formed  in  clay.  At  the  upper  end  was  a  small 
reservoir,  in  which  the  different  materials  to  be  operated  on  were 
placed.  These  were  disintegrated  and  kept  in  motion  by  a  cutter 
4  inches  in  diameter,  having  four  fins  or  blades  placed  above 
the  cutter.  A  constant  stream  of  water  was  supplied  from  a 
pipe,  the  velocity  of  the  water  down  the  channel  being  at  the 
rate  of  one  foot  per  second.  The  two  specimens  of  clay  were 
put  in  the  reservoir  in  solid  lumps,  and  rammed  down  before 
being  acted  on.  Half  a  gallon  of  water  in  each  case  was  taken 
from  the  effluent  at  the  lower  end,  and  the  matter  in  suspension 
allowed  to  deposit.  The  water  was  then  drawn  off  by  a  syphon, 
the  sediment  dried  by  means  of  a  spirit-lamp  and  weighed. 
Where  the  deposit  was  small,  it  was  strained  through  filtering- 
paper  and  weighed  with  the  paper.  Equal  portions  of  all  the 
diied  material  were  then  mixed  with  water  and  allowed  to  settle 
in  a  test-tube.  The  result  from  the  clay  is  small  in  proportion 
to  the  warp,  as  it  had  to  be  disintegrated.  The  whole  of  the 
clay  sent  into  the  stream  was  carried  away  in  suspension.  The 
deposit  obtained  from  the  river  sand  resembled  warp  more  than 
sand,  the  angular  particles  of  the  sand  being  left  in  the  channel 
and  only  the  finest  particles  being  carried  away  in  suspension. 
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toe  unit. 

II 

1  coMo  foot  of 

water. 

Mln. 

Propor- 
tion. 

1-60 

Pro] 
bnlk 

Weight    Propor- 
Ib.          tlon. 

1.  Very  fine  saad 

0-166 

1 

2,  Deposit  from  ooane  river  aaad 

0-24 

144 

100 

100 

0-323      1.00 

3.  Deposit      from      river      sand 

1 

1 

screened  fine 

085 

210 

1-20 

1-00 

0-391      1-21 

4.  Alluvial  deposit 

0-85 

210 

111 

4-80 

181     1    5  60 

5.  Brick  clay 

0-88 

228 

1-18      1 

1-20 

0-448  1    1-38 

6.  Boulder  clay      

0-39 

234 

1-00 

'110 

0783      2-42 

7.  Alluvial  deposit  from  Tilbury 

1 

1 

Xi/OC  Jk           ••■                        .a.                        «•.                        •*■ 

• 

054        324 

112 

1 

12-90      39-94 

Mr.  T.  Login,  from  experiments  recorded  in  the  PhUosophical 
Tranaactions  of  Edinburgh,  gives  the  rate  of  sinking  in  water 
in  feet  per  minute  of  different  materials  as  follows : — 


Brick  clay 
Fresh-wator  sand 
Sea  Band 
Pebbles  size  of  peas 


Feet. 
0-566 
10-00 
11-707 
60-00 
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The  clay  was  mixed  with  water  and  allowed  to  settle  for  half 
an  hour. 
^/^The  data  generally  quoted  as  to  the  movement  of  material 
by  water  running  at  different  velocities  are  based  on  experiments 
made  by  Dubuat.  These  experiments  were  conducted  in  troughs 
of  small  scale,  where  the  irregularities  of  a  natural  river  were 
absent.    They  are  as  follows : — 


Semi-fluid  mud  was  moved  by  a  velooity  of 
Soft  olay  ...  ...  ...  . . 

Coarse  sand      ...  •  •  • 

Sea  shingle  1  inoh  in  diameter     ... 

Mr,  Login  found  that  in  a  channel  half  an  inch  in  depth  the 
current  required  to  move  different  materials  was  as  follows : — 

Feet  Miles  per 

per  second.  bonr. 


Feet 

perseoond. 

Miles  per 
hour. 

0-25 

•  .• 

0-17 

0-50 

... 

0-33 

0-75 

... 

0-50 

216 

... 

155 

Briok  clay,  after  being  dissolved  in  water  0*25      ...      0*170 

Vegetable  soil  ... 
Fresh-water  sand 
Sea  sand 


Pebbles  size  of  peas 


0*88      ...      0-56 
0*66      ...      0*454 


111      ...      0*752 
2*00      ...      1*37 


N 


The  experiments  made  by  Mr.  Blackwell  proved  that  gravel 
half  an  inch  in  diameter  moved  with  a  current  of  from  2*25  to 
2-50  feet  per  second,  Messrs.  Humphrys  and  Abbot  found  that 
a  velocity  of  0*5  foot  per  second  was  sufficient  to  transport  the 
material  deposited  at  the  mouth  of  the  Mississippi.  Mr.  Mullins, 
in  the  canals  in  India,  found  that  alluvial  soil  was  moved 
by  a  current  of  2  feet  a  second,  and  gravelly  soil  with  3  feet. 
Captain  Washington  found  that  in  Dover  Bay  a  tidal  current 
of  two  and  a  half  knots  held  in  suspension  473  grains  of  material 
in  a  cubic  foot  of  water ;  a  half-knot  current,  30  grains ;  and  at 
slack-water  calm  there  was  from  20  to  30  grains  of  material  in 
suspension.  The  material  was  composed  of  half  fine  sand,  a 
quarter  chalk,  and  a  quaprter  vegetable  matter.  The  maximum 
quantity,  473  grains,  was  found  at  high  water  of  spring  tides 
during  strong  off-shore  winds,  at  20  feet  below  the  sur&ce  and 
16  feet  firom  the  bottom. 

It  is  also  stated,  on  the  authority  of  Dubuat,  that  sand  travels 
at  the  rate  of  I  foot  in  1*26  hours.  The  author  has  made  a 
number  of  observations  as  to  the  movement  of  sand  in  the  ex- 
perimental channel  already  referred  to.   A  stream  of  water,  being 
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fed  in  at  the  top  end,  was  allowed  to  run  down  the  channel  with 
a  velocity  of  1  foot  per  second.  A  continuous  supply  of  coarse 
river  sand  was  gently  mixed  with  the  water  in  the  reservoir  at  the 
top  end.  The  sand  was  not  carried  by  the  water  in  a  thin  film 
spread  over  the  whole  length  of  the  channel,  but  advanced  in  a 
layer  about  half  an  inch  in  thickness,  the  down-stream  end  having 


Fio.  6.— Diagram  Bbowing  movement  of  sand. 

a  vertical  face  over  which  fresh  particles  were  continually  rolled, 
as  shown  in  Fig.  6.  This  &ce  advanced  forward  at  the  rate  of 
1  foot  in  4il  minutes.  When,  however,  only  a  limited  quantity 
of  sand  was  put  in  at  the  top  end  and  no  fresh  supply  added, 
the  water  rolled  this  along  the  channel  in  the  same  way  as 
before,  leaving  the  up-stream  side  clear  of  sand,  and  the  fall  on 
the  down-stream  side  advancing  at  the  rate  of  1  foot  in  1  hour 
and  17  minutes,  which  agrees  closely  with  the  result  given  by 
Dubuat. 


CHAPTER  V. 

THE  TIDES. 

The  conditions  of  a  tidal  river  are  that  it  has  a  regular  flow  and 
ebb,  altering  in  time  according  to  the  age  of  the  moon,  the  rise 
being  higher  near  the  time  of  full  moon  and  change,  and  less  at 
the  quarters.  As  a  rule  the  ebb  and  flow  occurs  twice  in  a  day, 
but  there  are  exceptions  to  this. 

Although  the  terms  "  fresh  "  and  "  salt "  water  are  sometimes 
applied  to  distinguish  between  the  two  classes  of  river,  it  is  not 
necessary  that  the  water  throughout  the  whole  of  a  tidal  river 
should  be  salt  In  the  upper  reaches  the  fresh  water  is  driven 
back  by  the  tide,  and  in  some  cases,  during  heavy  land  floods,  the 
water  continues  fresh  down  to  the  mouth. 

The  tidal  portion  of  a  river  is  deemed  to  extend  up  to  that 
point  at  which  the  water  is  affected  by  the  ordinary  rise  of  a 
spring  tide,  and  not  to  the  part  only  occasionally  affected  by 
extraordinary  high  tides. 

All  land  covered  by  the  tides  at  high  water  is  deemed  in  this 
country  to  belong  to  the  State,  unless  it  has  been  alienated.  The 
level  of  high  water  for  this  pui*pose  is  taken  as  being  the  mean 
level,  both  at  springs  and  neaps,  ascertained  by  taking  the 
average  level  of  high  water  at  the  place  in  question  during  a 
year  or  other  considerable  period  of  time. 

Tides  are  not  only  a  great  commercial  benefit  to  the  country 
through  which  they  pass,  but  also  confer  considerable  sanitary 
benefits,  especially  when  passing  through  thickly  populated 
districts.  The  daily  ebb  and  flow  of  the  water  acts  as  a  gi-eat 
ventilator  within  a  certain  distance,  bringing  up  the  fresh  air 
and  ozone  of  the  sea  on  the  flood ;  and  carrying  away  on  the  ebb 
impurities  which  otherwise  would  remain  and  pollute  the  river 
in  dry  seasons. 

To  realize  the  advantage  which  a  tidal  river  confers,  it  is  only 
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necessary  to  compare  some  of  the  largest  rivers  of  the  world 
discharging  into  tideless  seas  with  the  tidal  rivers  of  this  country. 

The  Nile,  one  of  the  largest  rivers  in  the  world,  is  only 
navigable  for  small  craft  of  light  draft. 

The  Mississippi,  draining  one  and  a^  quarter  million  square 
miles,  or  two  hundred  times  as  much  as  the  Thames,  and  which 
is  50  feet  deep  a  few  miles  from  its  junction  with  the  Gulf  of 
Mexico,  had  only  a  navigable  depth  of  13  feet  at  its  outfall 
before  it  was  improved. 

The  Danube,  draining  316,000  square  miles,  which  is  50  feet 
deep  above  the  delta,  had  in  its  natural  condition  only  a  depth 
of  from  7  to  12  feet  along  the  best  of  its  outlets. 

The  Rhone,  which  is  42  feet  deep  at  four  miles  above  its 
mouth,  has  a  depth  of  6  feet,  and  has  only  been  rendered  navigable 
by  means  of  a  canal  connecting  it  with  the  sea. 

The  Neva,  which  is  65  feet  deep  at  St.  Petersburgh,  had  only 
a  depth  of  13  feet  at  the  lower  end. 

The  Volga,  which  is  the  longest  river  in  Europe  and  drains 
562,500  square  miles,  has  only  a  navigable  depth  of  8  feet  at  its 
outfall  into  the  Caspian  Sea. 

On  the  Thames,  the  Humber,  the  Severn,  and  the  Mersey, 
owing  to  the  tidal  flow,  a  channel  is  maintained  by  natural 
causes  along  which  the  largest  commerce  of  any  ports  in  the 
world  is  conducted. 

By  the  aid  of  tidal  rise,  ships  are  also  able  to  pass  along  rivers 
which  otherwise  would  not  be  navigable  for  long  distances 
inland,  thus  economizing  the  cost  of  distribution  of  their  cargoes. 
The  port  of  London,  on  the  Thames,  is  situated  46  miles  from 
the  sea ;  Hull,  on  the  Humber,  is  23  miles,  and  Goole,  46  miles 
inland;  Bristol  is  50  miles  from  the  sea  Channel;  Rouen,  on 
the  Seine,  is  77  miles ;  and  Hamburgh,  on  the  Elbe,  60  miles ; 
Antwerp,  on  the  Scheldt,  45  miles;  Rotterdam,  on  the  Maas, 
20  miles ;  Bourdeaux,  on  the  Gironde,  75  miles. 

There  are  throughout  the  world  numerous  rivers  and  harbours 
on  the  coast  that  owe  their  usefulness  for  commercial  purposes, 
or  as  fishery  stations,  solely  to  the  tides.  Thus  the  Avon,  lead- 
ing up  to  Bristol,  has  not  a  navigable  depth  of  more  than  3  or  4 
feet  at  low  water,  yet  at  high  water  steamers  of  over  2000  tons 
can  get  up  to  Bristol. 

Tidal  rivers  possess  very  great  capacities  for  improvement. 
•The  amount  of  tidal  water  is  unlimited.    By  the  aid  of  engineer- 
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ing  works,  judiciously  carried  out,  the  depth  of  the  navigable 
channel  and  the  distance  it  extends  inland  may  be  very  largely 
increased. 

Before,  however,  such  works  are  undertaken,  it  is  essential 
for  their  success,  not  only  that  a  thorough  knowledge  of  tidal 
phenomena  and  of  the  action  of  the  tides  in  general  should  be 
possessed  by  the  engineer  to  whose  care  the  river  is  committed, 
but  also  that  he  should  make  himself  master  of  all  the  tidal 
peculiarities  common  to  the  river  to  be  dealt  with. 

Tidal  TemiB. — The  word  "  tide  "  is  used  to  denote  the  action 
of  the  water  of  the  ocean  and  in  rivers  and  estuaries  in  rising 
and  falling,  which  occurs  on  these  coasts  twice  every  day. 

The  time  at  which  a  tide  occurs  and  the  height  to  which  it 
rises  vary  from  tide  to  tide.  The  variations  are  known  as  spring 
tides  when  the  water  is  at  the  highest,  and  neap  tides  when  at 
the  lowest. 

As  the  tides  fall  from  springs  to  neaps,  they  are  said  by 
mariners  to  " be  taking  off; "  and  when  rising  from  the  neaps,  to 
"  be  coming  on,"  the  stage  between  the  two  being  known  as 
half-spring  tides.  The  time  of  high  water  is  frequently  spoken 
of  by  mariners  as  the  "  time  the  tide  flows."  The  rising  tide  is 
described  as  "  the  flood,"  and  the  falling  tide  "  the  ebb." 

As  high  water  of  spring  tides  rises  higher  than  that  of  neaps, 
so  the  low  water  of  springs  generally  falls  lower. 

In  speaking  of  the  rise  of  the  tide,  whether  springs  or  neaps, 
it  is  understood  to  mean  the  vertical  rise  above  mean  low  water 
of  spring  tides. 

The  range  of  a  tide  is  the  vertical  difference  between  the  low 
water  and  high  water  of  that  particular  tide. 

Half-tide  is  the  mean  distance  between  high  and  low  water 
of  springs  and  neaps.  In  the  upper  reach  of  a  river  where  the 
rise  is  smalli  half -tide  level  means  the  mean  level  at  the  mouth  of 
the  river. 

Mean  Level  of  the  Sea. — Although  the  height  to  which  the 
water  rises  and  &lls  at  different  parts  of  the  coast  varies  very 
considerably,  yet  there  is  a  mean  level  to  which,  at  a  certain 
state  of  the  tide,  the  water  of  the  sea  attains.  From  the  levels 
taken  and  observations  made  for  the  Ordnance  Survey,  the 
mean  level  of  the  sea  round  the  coast  of  England  varies  15 
inches  above  and  below  the  mean  level  at  Liverpool  as  adapted 
for  the  Ordnance  datum.    (See  Appendix.)    According  to  in- 
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vestigations  made  by  the  French  Qovernment,  a  mean  level  also 
extends  throughout  the  coasts  of  France,  Germany,  and  Holland, 
the  variation  being  from  6  to  8  inches  above  and  below  the 
standard  datum.    (See  Appendix.) 

The  diagram  in  Fig.  7,  taken  from   the  Admiralty  Tide 
Tables,  will  make  the  different  positions  of  the  tide  more  clear. 
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Fio.  7.— Dlagrmm  showiog  range  and  rise  of  tides. 


a  shows  the  mean  level  of  high  water  of  ordinary  spring 
tides, 

6,  the  mean  level  of  high  water  of  ordinary  neap  tides. 

c,  the  half  tide  or  mean  level  of  the  sea  both  at  springs  and 
neaps. 

d,  mean  level  of  low- water  neap  tides. 

e,  ditto  spring  tides. 

e  to  a,  shown  as  12  feet  on  the  gauge,  the  rise  of  the  spring 
tide  or  mean  spring  range. 

etob,  shown  as  10  feet  on  the  gauge,  the  mean  rise  of  a  neap 
tide. 

6  to  rf,  shown  as  8  feet  on  the  gauge,  the  range  of  a  neap  tide. 

Theory  of  the  Tides. — The  direct  connection  between  the 
moon  and  the.  tides  has  been  a  matter  of  common  observation 
from  the  most  ancient  times.  Mariners  and  persons  living  on  the 
coast  could  not  fail  to  observe  that,  with  the  same  regularity  as 
the  moon  rose  above  the  horizon,  crossed  the  meridian,  and  again 
disappeared,  the  water  in  the  ocean  rose  and  fell ;  that  when 
she  gave  the  greatest  amount  of  light  at  night,  or  at  the  times 
when  she  was  almost  entirely  invisible,  the  water  reached  higher 
up  the  beach  than  during  the  intermediate  periods,  and  that  the 
increase  and  decrease  in  height  followed  regularly  the  varying 
phases  of  the  moon ;  that  the  time  of  high  water  got  later  every 
day  as  the  moon  got  older;  that  at  the  equinoxes  the  tides 


74  TIDAL  RIVERS. 

attained  their  greatest  height,  and  were  lowest  in  summer ;  and, 
further,  that  the  time  of  high  water  varied  at  every  different  port. 

But  while  these  facts  were  then  realized,  the  laws  which 
explained  the  direct  connection  between  the  tides  and  the  heavenly- 
bodies  were  not  developed  until  Newton  reduced  the  knowledge 
of  universal  gravitation  to  a  practical  form ;  and  the  study  of 
the  tides,  aided  by  a  systematic  collection  of  data,  enabled  the 
variations  at  different  ports  to  be  traced  to  their  origin. 

The  connection  of  the  sun  with  the  tides  is  not  so  apparent 
as  that  of  the  moon,  but  its  action  as  a  tide-producing  agent  was 
equally  well  known  to  the  early  astronomers. 

It  is,  however,  even  at  the  present  time,  hardly  sufficiently 
realized  that  although  the  tides  on  our  shores  are  caused  by  the 
sun  and  the  moon,  yet  that  this  is  not  due  to  their  immediate 
effect  on  the  waters  of  the  seas  surrounding  the  coast,  but  upon 
that  of  an  ocean  several  thousand  miles  distant.  Also  that  the 
tidal  ciuTent  which  flows  through  London  Bridge,  or  up  any- 
other  river,  is  due  to  a  wave  generated  in  the  Southern  Ocean 
60°  south  of  the  equator,  which  spreading  its  influence  from  this 
ocean  in  to  the  Atlantic,  causing  a  disturbance  of  every  particle  of 
water  in  that  great  ocean  to  a  depth  estimated  in  places  of  more 
than  four  miles,  thence,  extending  round  the  coast  of  these  islands 
and  down  the  North  Sea,  until  it  finally  reaches  the  Thames, 
more  than  7000  miles  distant  from  the  source  of  generation,  in 
about  a  day  and  a  half;  where  it  causes  an  elevation  in  the 
surface  of  the  river  eight  times  greater  than  the  variation  of  level 
of  the  ocean  in  which  the  wave  was  generated. 

For  the  purpose  of  explaining  the  action  of  the  sun  and  moon 
in  producing  the  tides,  the  earth  may  be  regarded  as  a  solid 
sphere,  or,  more  correctly  speaking,  an  oblate  spheroid,  the  polar 
diameter  being  about  3  J-^  less  than  the  equatorial.  The  external 
portion  of  this  solid  sphere  that  is  partly  covered  with  water 
extends  over  144^  millions  of  square  miles,  the  area  of  land  not 
covered  with  water  being  calculated  at  52J  millions  of  square 
miles.  The  depth  of  the  water  varies  from  4655  fathoms,  or  more 
than  five  miles,  in  the  deepest  part  of  the  Southern  Ocean,  to 
less  than  40  fathoms  in  the  shallowest  seas  of  the  North. 

This  water  is  not  evenly  distributed.  South  of  the  equator, 
between  latitudes  40  and  70,  is  a  broad  belt  completely  encircling 
the  globe  about  2000  miles  wide,  except  in  one  place,  where  it  is 
diminished  to  about  one-third  this  w^idth,  and  averaging  about 
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2^  milas  deep.  Extending  out  of  this  Southern  Ocean  at  right 
angles  are  three  seas,  the  largest  of  which,  the  Pacific,  extends  to 
the  northern  Arctic  regions^  being  connected  with  the  Polar  Sea 
by  the  narrow  channel  of  Behring  Strait  The  Atlantic  is  a  less 
open  sea,  but  it  is  continuous  to  the  Arctic  seas.  The  smaller 
of  the  three,  the  Indian  Ocean,  only  extends  to  20°  north  of 
the  equator,  but  is  connected  by  a  series  of  narrow  channels 
at  the  north-east  side  with  the  Pacific.  A  belt  of  water  also 
runs  nearly  round  the  northern  part  of  the  globe,  its  width 
being  contracted  by  the  projection  of  Greenland,  but  round  the 
southern  shores  of  which  its  continuity  is  effected.  This  sea 
may  be  taken  as  averaging  700  miles  wide.  Scattered  over  the 
globe  are  some  smaller  seas,  some  of  which  have  no  communi- 
cation with  the  main  ocean,  and  the  largest  of  which  only  has 
its  length  in  an  east  and  west  direction. 

By  the  laws  of  gravity,  the  earth,  in  common  with  the  other 
planets,  is  attracted  to  the  sun.  There  is  a  mutual  attraction 
between  the  earth  and  the  moon,  and  the  earth  has  an  attractive 
force  of  its  own. 

The  attractive  relation  of  the  earth  and  the  moon,  and  of  the 
other  planets  to  each  other  and  to  the  sun,  is  directly  proportionate 
to  their  respective  masses,  and  inversely  as  the  squares  of  their 
distances.  The  effect  of  the  other  planets  on  the  earth  as  tide* 
producing  agents  is  so  small  that  it  is  disregarded. 

The  effect  of  terrestrial  gravity  is  to  draw  every  particle  of 
which  the  earth  is  composed  to  its  own  centre.  The  tendency 
of  the  attraction  of  the  sun  and  moon  is  to  draw  the  particles  of 
the  earth  towards  them. 

The  particles  of  the  solid  earth  have  sufiicient  cohesion  to 
resist  disturbance;  the  earth  is  therefore  attracted  as  a  whole, 
the  line  of  attraction  from  the  sun  and  from  the  moon  passing  to 
the  centre.  Although  the  earth  is  thus  attracted  as  a  whole,  the 
amount  of  attraction  varies  owing  to  the  sun  and  moon  being 
more  distant  from  some  parts  of  the  earth  than  from  others. 
The  particles  composing  the  fluid  portion  of  the  earth  have  so 
little  cohesion  that  they  are  free  to  obey  any  disturbing  agent, 
and  under  its  action  to  change  their  position,  and  consequently 
the  form  of  the  water.  If  the  influence  of  the  sun  and  moon 
were  absent,  every  particle  of  the  water,  being  drawn  to  the 
centre  of  the  earth  by  the  attraction  of  gravity,  would  be  in 
equilibrium,  and  the  fluid  would  assume  a  spherical  form.    If 
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from  any  cause  the  water  was  disturbed,  and  one  portion  raised 
above  the  other,  the  particles  in  the  highest  part,  being  removed 
further  from  the  centre  of  the  earth  than  those  in  the  lower  part, 
would  be  pushed  or  drawn  towards  the  lower  part  by  gravity, 
and  would  endeavour  to  re-establish  the  equilibrium.  This  is 
what  is  understood  by  water  being  level.  The  surface  of  a  level 
plane  of  water  is  not  that  of  a  straight  surface  prolonged  inde- 
finitely, but  one  curved  to  the  shape  of  the  earth,  every  particle 
in  each  layer  of  water  being  equally  distant  from  the  centre. 

The  moon  and  the  sun  act  as  disturbing  agents  in  preventing 
the  terrestrial  equilibrium  of  the  water.  The  particles  composing 
the  fluid  covering  of  the  earth,  being  at  unequal  distances  from 
these  disturbing  agents,  gravitate  imequally. 

The  power  of  terrestrial  gravity  to  draw  the  particles  of  the 
water  to  the  centre  of  the  earth  is  reduced  by  the  attractive 
force  of  the  moon  or  the  sun,  each  of  these  forces  acting  in 
opposite  directions  to  that  of  terrestrial  gravity. 

The  attractive  force  of  the  luminaries  is  at  its  maximum  at 
the  meridian  or  part  directly  under  them,  and  diminishes  to  the 
horizon,  and  is  less  at  the  nadir  than  at  the  zenith.  The  water, 
therefore,  being  drawn  up  by  the  luminaries  and  pressed  laterally 
by  terrestrial  gravity,  assumes  the  form  of  an  elliptical  spheroid, 
having  its  major  axis  directed  to  the  luminaries,  and  its  poles 
in  those  points  which  have  them  in  the  zenith  or  nadir. 

The  two  sides  consequently  are  flattened,  being  drawn  in, 
the  two  lowest  points  of  the  depression  being  opposite  to  one 
another  and  perpendicular  to  the  poles  of  the  major  axis.  The 
surface  of  the  spheroid  has  thus  two  points  of  elevation  and 
two  points  of  depression,  equally  distant,  in  its  circumference. 
Before,  however,  this  spheroid  has  time  to  assume  its  true  shape, 
the  position  of  the  disturbing  forces  is  moved  by  the  earth  re- 
volving on  its  axis,  the  poles,  however,  continuing  to  be  directed 
towards  the  luminaries.  The  two  elevations  and  depressions, 
or  crests  and  troughs  of  the  waves,  are  therefore  continually 
directed  to  difierent  parts  of  the  circumference  of  the  globe, 
making  a  complete  circuit  with  every  revolution  of  the  earth. 

Such  an  effect  as  here  described  cannot  be  instantaneous. 
Time  must  be  given  for  the  inertia  of  the  water  to  be  overcome, 
and  the  rise  and  fall  of  the  water  under  the  luminaries  must  be 
gradual.  The  motion  being  once  given,  there  is  a  tendency  for 
the  undulations  created  to  continue,  until  finally  checked  by 
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the  adhesion  of  the  particles  of  water  and  the  friction.  The 
recurring  force  of  the  tide-producing  agents  checks  this  tendency 
and  keeps  up  the  undulation.  The  consequence  is  that  the  form 
which  the  waters  would  assume  due  to  the  action  of  the  tide- 
producing  agents  is  never  exactly  attained,  and  would  not  be 
even  if  the  whole  earth  were  covered  with  water. 

The  actual  effect  of  this  tide-producing  agency  on  the  belt  of 
water  running  round  the  earth  in  the  southern  latitudes  is  to 
create  two  vast  undulations.  The  crests  of  these  undulations 
are  of  unequal  heights  and  about  5400  miles  apart,  and  move 
always  in  one  direction  from  east  to  west,  performing  the 
circuit  of  the  earth,  and  arriving  at  the  same  meridian  again  in 
24  hours  50  minutes. 

Each  of  these  crests  respectively  passes  the  seas  which 
communicate  with  the  Southern  Ocean  in  a  little  more  than 
12  hours,  and  communicates  its  influence  to,  and  alternately 
raises  and  lowers,  the  water  in  them,  thus  causing  the  ebb 
and  flow  of  the  tide.  The  actual  disturbance  of  the  equilibrium 
of  the  water  in  this  open  ocean  does  not  amount  to  more 
than  about  2  feet  when  acted  on  by  both  luminaries  when  in 
conjunction,  and  to  9  inches  when  in  opposition* 

As  the  action  is  due  to  the  effect  of  gravity  acting  throughout 
the  whole  mass  of  the  water,  every  particle  is  set  in  motion 
from  the  surface  to  the  bottom. 

The  momentum  given  to  such  an  enormous  mass  of  material 
is  something  stupendous,  and  can  hardly  be  realized,  even  when 
its  effect  on  our  shores  is  considered. 

The  moon  travels  round  the  earth  in  the  course  of  27*33  days, 
and,  her  orbit  being  elliptical,  she  is  sometimes  nearer  to  the 
eai'th,  or  in  perigee^  and  sometimes  further  away,  or  in  apogee. 
The  effect  on  the  water  of  the  earth  accordingly  varies  during 
her  transit. 

The  earth,  with  the  moon,  revolves  round  the  sun  in  a  year, 
and,  her  orbit  also  being  elliptical,  is  sometimes  nearer  to  the  sun, 
and  at  other  periods  of  the  year  further  away.  The  periods  of 
perihelion,  or  nearness,  are  at  the  equinoxes  in  March  and 
September;  and  she  is  furthest  away,  or  in  apJielion,  at  mid- 
summer. At  these  times  the  attractive  force  on  the  earth  is  at 
a  maximum  or  minimum. 

During  these  periodical  movements  the  sun  and  moon  are 
either  in  conjunction,  or  both  acting  in  the  same  direction  on 
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the  earth ;  or  in  opposition,  being  then  at  right  angles  to  one 
another. 

The  sun,  by  the  variation  of  its  distance  from  the  earth,  also 
affects  the  progress  of  the  moon  in  her  journey  round  the  earth, 
at  times  diminishiog,  and  others  increasing,  her  attractive  force 
and  her  effect  as  a  tide-producer. 

At  new  or  full  moon,  or  at  fvXl  and  change^  as  it  is  generally 
termed,  the  solar  and  lunar  tide  having  the  same  axes  and  the 
same  poles,  their  combined  effect  on  the  water  of  the  earth  is  at 
a  maximum,  the  solar  tide  being  superimposed  on  the  lunar  tide ; 
consequently  high  water  is  raised  higher,  and  low  water  depressed 
lower,  and  spring  tides  prevail.  At  new  moon  the  sun  and 
moon  are  in  the  same  part  of  the  heavens,  and  exercise  their 
combined  force  on  the  same  side  of  the  earth.  At  full  moon 
they  are  on  opposite  sides,  and  the  attractive  force  is  not  so 
effective  as  at  new  moon.  The  full-moon  tides  are  consequently 
less  than  those  due  to  the  new  moon. 

When  the  moon  is  in  quadrature,  or  at  90  degrees  from 
the  sun,  the  sun  and  moon  are  acting  on  the  water  in  opposite 
directions,  and  the  crest  of  the  lunar  wave  is  superimposed  on 
the  trough  of  the  solar  wave.  The  suu  then  acts  as  a  drawback 
to  the  tides,  and  the  effect  is  as  the  difference  of  their  attraction. 
The  tides  are  then  raised  to  the  least  height,  and  low  water  is 
the  least  depressed.     These  are  neap  tides. 

From  the  time  of  conjunction  the  lunar  lags  behind  the 
solar  wave  until  the  quadrature,  when  high  water  of  the  moon 
coincides  with  low  water  of  the  sun,  and  six  hours  later  in  the 
day  than  at  new  or  full  moon. 

The  relative  position  of  the  sun  and  moon  to  the  earth  is 
shown  in  Fig.  8. 

The  action  of  the  sun  and  moon  in  producing  a  change  of 
form  of  the  water  of  the  earth  is  inversely  as  the  cube  of  their 
distances.  The  mass  of  the  sun  is  about  26  million  times 
greater  than  that  of  the  moon,  but  the  distance  from  the  earth 
is  386  times  further  removed  than  the  mOon.     The  effect  of  the 

^'A         A     '  ,  '    26,000,000      ^-..  ,,    ,     .,, 

sun  as  a  tide-producing  agent  is  — -^ —  =  0'44ro  that  of  the 

moon,  or  less  than  half. 

Taking  the  whole  tide-producing  agency  as  represented  by 
the  figure  3,  the  sun's  share  is  approximately  1,  and  the  moon's  2. 

The  tide  day  is  always  of  greater  length  than  the  solar  day. 
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While  the  earth  is  completing  a  revolution  round  its  axis,  the 
moon  in  the  meantime  has  advanced  a  certain  distance  along 
her  orbit,  and  it  takes  on  an  average  24  hours  50  minutes  for 
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the  same  meridian  to  again  come  opposite  the  moon.  The  time 
of  high  water  is,  therefore,  on  an  average  50  minutes  later  every 
day.  This  is  termed  the  lagging  or  priming  of  the  tides, 
according  as  it  is  referred  to  the  solar  or  lunar  time. 

Owing  to  the  progress  of  the  moon  along  her  orbit  not  being 
always  at  the  same  rate,  the  variation  in  the  interval  between 
two  tides  is  not  always  the  same.  It  is  least  at  the  syzigies,  or 
the  time  of  new  or  full  moon,  and  greatest  about  the  quadra- 
tures, the  extreme  variation  being  from  about  twenty  to  forty 
minutes.  The  increase  is  gradual  from  the  syzigy  towards  the 
quadrature. 

The  mean  interval  between  successive  high  tides  being  thus 
more  than  twelve  hours,  it  follows  that  on  two  days  on  each 
lunation,  or  period  between  one  new  moon  and  the  next,  there 
is  only  one  high  water  during  the  twenty-four  hours  constituting 
the  solar  day. 

Besides  the  changes  in  the  time  and  height  of  the  tides  which 
take  place  from  day  to  day,  there  is  a  difference  in  the  height  of 
the  lunar  and  anti-lunar  tides  which  occur  on  the  same  day. 
Theoretically,  the  anti-lunar  tide  would  be  less  than  the  lunar. 
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The  position  of  the  moon  owing  to  her  declination  also 
affects  the  height  of  the  two  tides,  the  general  rule  appearing 
to  be  that  south  of  the  equator  when  the  sun  has  south  de- 
clination, and  north  of  the  equator  when  his  declination  is 
north,  the  day  tides  are  the  highest,  and  that  in  both  hemi- 
spheres the  day  tides  are  the  highest  in  summer  and  the  night 
tides  in  winter.  The  effect  of  the  declination  of  the  moon  in 
causing  a  variation  in  the  lunar  and  anti-lunar  tides  does  not, 
however,  appear  to  hold  good  generally,  being  modified  by  local 
causes.  In  this  country  about  two-thirds  of  the  morning  tides 
are  highest,  but  throughout  every  month  of  the  year,  and  both 
when  the  moon  has  south  and  north  declinations,  some  of  the 
evening  tides  are  the  highest.  The  difference  between  the  two 
is  in  proportion  to  the  height  to  which  the  tides  rise  at  any 
particular  port,  and  being  greater  at  the  times  of  the  equinoctial 
tides.  At  Liverpool  the  maximum  calculated  difference,  as  taken 
from  the  tide-tables,  varies  from  14  inches  to  27  inches,  the  mean 
maximum  inequality  between  the  two  diurnal  tides  being  21 
inchea  At  Hull  from  6  to  II  inches,  the  mean  of  the  maximum 
difference  being  9f  inches,  and  the  mean  difference  throughout 
the  year  being  4  inches.  Taking  the  average  of  the  night  and 
morning  tides  as  recorded  at  Boston  Dock  over  two  years,  the 
night  tides  average  2^  inches  higher  than  the  morning  tides, 
the  average  maximum  difference  between  two  succeeding  tides 
being  14  inches. 

From  the  pai-ticulars  given  in  the  Admiralty  tables,  the 
diurnal  irregularity  at  other  ports  throughout  the  world  does 
not  appear  to  follow  any  general  law.  The  diurnal  inequality 
becomes  so  great  at  some  places  as  to  cause  only  one  tide  in 
the  day,  as  in  the  Gulf  of  Mexico,  at  Sawakin  in  the  Red  Sea, 
and  at  the  Solomon  Islands  in  the  Pacific*  On  some  parts  of 
the  coast  of  Australia,  where  the  tides  are  much  influenced  by 
the  wind  from  July  to  December,  the  evening  tides  are  2  feet 
higher  than  the  morning  tides,  and  in  October  and  November 
the  reverse  is  the  case.  At  Sydney  the  evening  tides  are  2  feet 
the  highest  in  June  and  July,  and  the  reverse  in  December  and 
January.  At  Aden,  Karachi,  and  Bombay,  and  some  other  ports 
on  the  Indian  coast,  there  is  a  difference  of  one  and  a  half  to 
tw^o  hours  in  time,  and  1  foot  in  height  between  the  evening 
and  morning  tides.  At  the  Seychelle  Archipelago  the  difference 
is  2^  feet. 
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In  other  places  the  inequality  affects  the  low  water  more 
than  high  water.  At  Prince  Edward's  Island  low  water  varies 
between  3^  inches  to  3i  feet,  and  at  Singapore  the  low-water 
level  varies  6  feet. 

As  regards  the  tides  of  new  and  full  moon,  the  former  under 
normal  conditions  are  invariably  the  highest.  Taking  an 
average  over  a  year  of  three  ports  on  different  sides  of  the  coast, 
the  new  moon  tides  are  4  inches  higher  than  those  of  the  full 
moon. 

The  tides  which  reach  the  coasts  of  the  earth  during  the 
course  of  a  year  are  thus  due  to  a  number  of  disturbing  causes 
arising  from  the  varying  distances,  at  different  periods,  of  the 
tide-producing  agents,  and  of  the  changes  of  certain  elements 
in  their  orbits.  The  tidal  wave  may  therefore  be  regarded  as 
the  result  of  the  superposition  of  a  number  of  smaller  waves 
generated  at  different  periods  and  of  varying  amplitudes. 

In  addition  to  the  ordinary  disturbance  caused  by  the  lunar 
and  anti-lunar  and  solar  and  anti-solar  influences.  Sir  W. 
Thompson  has  enumerated  the  following  as  having  to  be  taken 
into  account  in  calculating  the  period  and  height  of  the  tides : — 


The  Innar 
The  lanar 
The  lunar 
The  lunar 
The  lunar 
The  lunar 
The  lunar 


monthly  and  solar  annual 
fortnightly  and  solar  semi-annual 
and  solar  diurnal  due  to  declination 
and  solar  semi-diurnal 
and  solar  elliptio  diurnal 
and  solar  elliptic  semi-diurnal 
and  solar  deolinational  semi-diurnal 


2 

2 

4 
2 

7 
4 
2 

23 


The  tidal  effects  in  actual  operation  vary  very  considerably 
from  the  theoretical  conditions  which  have  been  described.  It 
has  already  been  pointed  out  that  there  is  only  the  narrow  belt 
of  the  Southern  Ocean  where  the  luminaries  can  freely  act  in 
generating  the  tides.  It  is  not  possible  to  ascertain  with  any 
degree  of  accuracy  the  amount  of  elevation  and  depression  that 
takes  place  in  the  open  sea.  It  is  only  on  the  coast  where  this 
can  be  ascertained.  The  observations  which  have  been  made 
in  the  Southern  Ocean  are  of  too  limited  a  character  to  allow 
of  the  movement  of  the  tides  being  relied  on  with  any  degree 
of  certainty,  but  from  such  observations  as  have  been  made  on 
the  islands  in  the  open  ocean,  it  may  be  assumed  that  the  rise 
and  £Bbll  of  the  tide  does  not  exceed  two  feet.    This  agrees  with 
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the  theoretical  variation  of  level  as  given  by  Sir  George  Airey. 
He  has  calculated  that  the  height  of  the  tidal  wave  following 
the  moon  over  the  open  ocean  is  at  springs  1'34  foot,  due  to  the 
moon,  and  0'61  foot,  due  to  the  sun,  or  a  total  elevation  of  the 
water  of  1*95  foot.  At  neaps  the  negative  influence  of  the  sun, 
he  calculated,  diminished  that  due  to  the  moon  0*61  foot,  making 
the  rise  0*73  foot ;  the  rise  of  spring  tides  being  thus  theoretically 
as  1-95  to  073  foot.  This  will  be  found  to  accord  generally 
with  the  actual  facts. 

The  tidal  waves  which  aflect  all  the  waters  of  the  earth  may 
be  divided  into  five  classes  : — 

1.  The  great  primary  wave  of  the  Southern  Ocean,  which  is 
directly  due  to  the  influence  of  the  sun  and  moon  This  wave 
does  not  undulate  in  the  ordinary  sense  of  the  word,  for  its 
crest  always  moves  forward  in  one  direction.  Its  rise  and  fall 
may  be  taken  as  two  feet  at  spring  tides^  and  nine  inches  at 
neaps. 

2.  The  ocean  tidal  wave,  propagated  from  this  primary  wave 
into  the  Atlantic  and  the  Pacific,  receiving  its  impulse  from  it, 
and  which  undulates  alternately  backwards  and  forwards  as  the 
crest  or  the  trough  of  the  primary  wave  passes  the  points  of  con- 
nection. Its  line  of  direction  is  at  right  angles  to  the  course  of 
the  tide-producing  agents,  and  to  that  of  the  primary  wave.  In 
the  open  part  of  the  ocean  the  rise  and  fall  of  this  wave  is  the 
same  as  that  from  which  it  is  generated. 

3.  The  coast  tide.  This  is  derived  from  that  of  the  ocean, 
but  altered  in  character  owing  to  its  motion  being  checked  by 
coming  in  contact  with  the  coast,  and  thus  becomes  raised  above 
the  normal  level  by  the  momentum  of  the  wave.  The  height  of 
this  tide  varies  at  every  difierent  part  of  the  coast. 

4.  The  estuary  tide.  This  is  derived  from  the  ocean  tide, 
but  also  varies  in  the  height  which  it  rises  and  falls,  due  to  the 
contour  and  depth  of  the  estuary.  The  momentum  in  extreme 
cases  raises  the  water  to  a  height  of  twenty  or  thirty  times  as 
great  as  the  ocean  tide. 

5.  The  river  tide.  This  generally  partakes  of  the  character 
of  both  a  tide  and  a  current  The  tide  is  propagated  up  the 
river^  when  the  water  is  of  sufficient  depth,  at  a  much  greater 
rate  than  that  at  which  the  tidal  current  runs  up  the  channel. 
When  the  depth  is  not  sufficient  to  allow  of  the  free  entrance  of 
the  tide,  the  result  is  only  a  tidal  current,  the  velocity  of  which 
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sometimes  is  great,  and  occasionally  results  in  the  creation  of 
a  bore. 

Although  we  have  no  direct  observations  confirming  the  fact, 
tides  must  be  generated  both  in  the  Pacific  and  Atlantic.  The 
conditions  in  these  oceans  are  not  favourable  to  the  formation 
of  a  free  tide  wave,  and  only  a  single  tide  can  be  generated  in 
twenty-four  hours.  The  wave  raised  in  the  Atlantic  when  the 
moon  reaches  the  east  side  of  the  ocean,  and  progressing  with 
her  to  the  west  side,  is  stopped  there  by  the  land  on  the 
coast  of  America,  whence  it  is  reflected  back,  and  so  undulates 
backwards  and  forwards,  and  assists  in  its  own  destruction. 
Taking  the  distance  as  three  thousand  miles,  it  would  take  four 
and  a  half  hours  for  such  a  wave  to  cross.  It  is,  however,  also 
met  and  absorbed  by  the  tide  coming  from  the  Southern  Ocean, 
increasing  its  elevation.  The  tides  generally  north  of  a  line 
drawn  across  the  Atlantic  appear  to  be  higher  than  those  on  the 
south,  so  that  some  such  effect  as  that  here  described  proba^bly 
does  take  place. 

In  the  Mediterranean,  which  has  the  same  direction  as  the 
transit  of  the  moon,  there  is  an  undulation  and  tidal  rise  and 
fall  varying  from  six  inches  to  a  foot  and  a  half,  which  cannot 
be  accounted  for  by  the  volume  of  water  which  passes  through 
the  Straits  of  Gibraltar.  In  the  inland  seas,  such  as  the  Caspian, 
the  Black  Sea,  and  the  Baltic,  there  is  no  doubt  a  rise  and  fall 
due  to  the  action  of  the  sun  and  moon,  but  the  moon^s  transit 
across  these  seas  is  too  rapid  to  allow  of  the  generation  of  an 
appreciable  wave.  Close  observation  has,  however,  detected  a 
rise  and  fall  of  about  three  inches  on  one  of  the  inland  lakes  of 
America  coincident  with  the  transit  of  the  moon. 

To  fully  realize  the  action  of  the  tidal  wave  in  its  progress 
from  the  Southern  Ocean  to  these  shores,  it  is  desirable  to  have 
a  clear  idea  of  the  phenomenon  of  the  ordinary  oscillating  waves 
of  the  ocean,  and  what  Mr.  Scott  Russell  has  denominated  the 
great  primary  tidal  wave. 

In  a  wave  of  oscillation,  the  moving  forward,  or  travel  of  the 
particles,  is  more  apparent  than  real  The  crest  and  trough 
change  places,  and  so  the  form  moves,  but  the  particles  of  water 
do  not  travel  beyond  the  length  of  the  wave,  or  from  crest  to 
crest  and  trough  to  trough.  This  will  be  seen  from  the  diagram 
in  Fig.  9. 

Let  A,  B,  C  represent  the  surface  of  the  water,  A  and  C  being 
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the  two  crests  of  the  tide  wave,  and  a,  c  the  two  troughs,  the 
motion  being  in  the  direction  shown  by  the  arrow,  a,  6,  c  re- 
presents the  altered  position  of  the  wave  after  an  undulation. 
To  effect  this  change  of  position,  the  water  at  A  has  sunk  to  a. 
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Fig.  9. — Dlagrain  showing  motion  of  waves. 

and  that  at  B  risen  to  h.  It  will  thus  be  seen  that  the  advance 
of  the  wave  is  produced  without  any  advance  of  the  water,  but 
by  its  particles  rising  and  sinking  alternately  in  a  vertical  direc- 
tion. This  may  be  further  illustrated  by  a  chain  of  sufficient 
length,  fixed  at  both  ends,  to  which  a  rapid  up  and  down  motion 
is  imparted  at  one  end ;  this  follows  in  a  series  of  waves  along 
the  chain,  but  neither  the  individual  links  nor  the  chain  makes 
any  advance. 

The  tidal  wave,  on  the  other  hand,  is  described  by  Mr.  Scott 
Russell  "as  differing  from  every  other  species  of  wave  in  the 
motion  which  is  given  to  the  individual  particles  of  the  fluid 
through  which  the  wave  is  propagated.  By  the  transit  of  the 
wave  the  particles  of  fluid  are  raised  from  their  places,  transferred 
forwards  in  the  direction  of  the  motion  of  the  wave,  and  per- 
manently deposited  at  rest  in  a  new  place  at  a  considerable 
distance  from  the  original  position.  There  is  no  retrogradation, 
no  oscillation ;  the  motion  is  all  in  the  same  direction,  and  the 
extent  of  the  transference  is  equal  throughout  the  whole  depth. 
Hence  this  wave  may  be  descriptively  designated  as  the  great 
primary  wave  of  translation.  The  motion  of  translation  com- 
mences when  the  anterior  surface  of  the  wave  is  vertically  over 
a  given  series  of  particles ;  it  increases  in  velocity  until  the  crest 
of  the  wave  has  come  to  be  vertically  over  them,  and  from  this 
moment  translation  is  retarded,  and  the  particles  are  left  in  a 
condition  of  perfect  rest,  at  the  instant  when  the  posterior  surface 
of  the  wave  has  terminated  its  transit  through  the  vertical  plane 
in  which  they  lie." 

In  wind  waves  there  is  a  partial  displacement  on  the  surface,, 
which  only  extends  to  a  few  feet  below  it,  the  distance  from 
crest  to  crest  being  comparatively  short.  The  action  of  an  oscil- 
lating wave  on  a  floating  substance  is  to  depress  it  vertically 
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and  raise  it  again  without  any  foi*ward  motion*  The  tide  wave 
carries  the  substance  along  with  it  over  a  certain  distance,  this 
distance  being,  however,  only  a  very  small  portion  of  that  over 
which  the  crest  of  the  tidal  wave  travels.  A  vessel  going  in  the 
same  direction  as  the  flood  tide  is  thus  expedited  in  her  progress, 
and  if  going  against  the  tide  is  retarded. 

There  are  thus  in  the  ocean  two  waves,  one  the  long  undula- 
tion of  the  tide  reaching  from  the  surface  to  the  bottom,  and  the 
other  the  oscillations  caused  by  the  wind  on  the  surface  of  the 
tidal  wave.  If  the  wind  is  acting  in  the  same  direction  as 
the  motion  of  the  tide,  the  crests  of  the  oscillations  are  further 
apart  and  the  motion  more  gentle  than  when  it  is  blowing  in  a 
contrary  direction  to  the  tidal  motion,  the  oscillation  in  the  latter 
case  being  shorter  and  more  broken. 

A  tidal  wave  must  not,  however,  be  confounded  with  a  tidal 
current.  For  example,  in  the  North  Sea  the  tidal  wave  is 
propagated  at  the  rate  of  fifty  to  sixty  miles  an  hour,  whereas 
the  run  of  the  tide  is  not  greater  than  at  the  rate  of  two  knots. 
In  the  Thames  the  tidal  wave  advances  up  the  river  at  the  rate 
of  over  thirty  miles  an  hour,  whereas  the  tidal  current  is  not 
more  than  about  two  miles  an  hour. 

A  tidal  wave  may  travel  in  the  opposite  direction  to  that 
in  which  a  current  is  moving.  An  example  of  this  is  found  in 
the  Gulf  Stream,  which  moves  continually  in  a  north-easterly 
direction  along  the  coast  of  America ;  the  tidal  wave  alternately 
progresses  with  it  on  the  flood,  and  against  it  on  the  ebb.  In  a 
river  down  which  a  strong  freshet  is  running,  the  tidal  wave 
will  be  propagated  up  the  channel,  raising  the  surface  while  the 
current  still  continues  to  run  down. 

Tidei  ia  EBtuaries. — The  tides  in  estuaries  are  propagated 
from  the  great  tide  wave  of  the  ocean.  As  the  undulation  of 
the  tidal  wave  of  the  ocean  passes  the  mouth  of  a  river,  the  pai*t 
nearest  the  coast  is  deflected  from  its  course  and  flows  into  the 
channel,  its  course  being  influenced  by  the  contour  of  the  coast- 
line and  the  projections  which  are  most  prominent  on  the  near 
or  far  side  of  the  mouth.  The  branch  wave  does  not  difluse 
itself  equally  in  all  directions,  but  the  main  set  of  the  tidal  wave 
in  the  estuary  is  in  a  direction  the  axis  of  which  is  along  the 
line  of  the  deepest  soundings.  The  set  of  the  tide  is  from  this 
line  towards  the  shore.  If  the  shores  converge,  the  area  for  the 
reception  of  the  wave  is  diminished  and  its  velocity  is  reduced ; 
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the  momentum  which  the  water  has  acquired  from  the  ocean 
tide  wave  being  expended  in  lifting  the  water  or  heaping  it  up. 
As  the  wave  advances  and  its  momentum  is  absorbed  by  this 
process,  and  also  in  overcoming  the  momentum  of  the  river- 
water  coming  in  an  opposite  direction,  and  the  friction  along 
the  channel,  its  height  gradually  diminishes,  until  the  effect 
is  exhausted  and  destroyed. 

Effect  of  Atmospheric  Pressure. — ^There  are  occasional  disturbing 
causes  which  cannot  be  calculated,  and  which  cause  the  tides  to 
rise  higher  or  fall  lower  than  the  calculated  heights  given  in  the 
Tide  Tables.  The  pressure  of  the  atmosphere  on  the  surface  of 
the  ocean  has  a  material  effect  on  the  height,  the  surface  of  the 
water  varying  inversely  as  the  mercury  in  the  barometer.  As 
the  pressure  of  the  atmosphere  is  decreased  and  the  mercury  rises 
the  water  in  the  ocean  is  depressed.  Mr.  Lubbock,  in  his  investi- 
gations into  the  tides  of  the  Thames,  found  that  a  rise  of  one  inch 
in  the  barometer  caused  a  depression  in  the  height  of  high  water 
amounting  to  7  inches  in  London,  11  inches  at  Liverpool,  and 
13^  at  Bristol,  the  difference  being  about  in  proportion  to  the 
greater  rise  of  tide  at  each  port.  A  sudden  fall  in  the  barometer, 
on  the  other  hand,  leads  to  an  increase  in  the  height  of  the  tide. 
In  the  French  Anmuiire  des  Mareis  a  table  is  given  of  deductions 
to  be  made  from  the  calculated  height  of  the  tide  in  each  centi- 
metre of  rise  in  the  mercury,  from  3000  to  3070  inches,  the 
total  allowance  for  the  070  inch  rise  being  lOJ  inches.  No 
calculation  is  given  for  any  other  height  of  the  barometer.  It 
may  be  assumed  that  approximately  a  variation  in  the  height 
of  the  barometer  of  one  inch  makes  a  difference  of  0*35  inch 
for  every  foot  the  tide  rises  at  any  particular  place. 

Effect  of  the  Wind. — The  force  and  direction  of  the  wind  also 
have  a  material  influence  both  on  the  height  of  the  high  and  low 
water  in  a  river.  The  amount  of  effect  on  the  tides  of  any 
particular  port  will  depend  on  its  situation  and  exposure.  The 
wind  blowing  on  any  large  sheet  of  water  alters  the  level  of  the 
surface,  depressing  it  on  the  windward  side,  and  raising  it  on 
the  lee  side.  Where  winds  prevail  from  the  same  direction  for 
long  periods  they  are  the  cause  of  a  continual  current  in  one 
direction,  a  phenomena  that  is  often  to  be  met  with  in  inland 
seas,  and  which  has  a  material  bearing  in  the  direction  which 
should  be  given  to  piers  carried  out  for  the  purpose  of  deepening 
the  channels  of  the  rivers  which  discharge  into  these  seas.     The 
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author  has  found  that  a  strong  wind  has  the  effect  of  altering 
the  level  of  the  water  in  an  inland  lake  about  half  a  mile  across 
as  much  as  9  inches  between  the  windward  and  the  lee  side. 
In  a  large  inland  sea,  the  effect  of  the  wind  has  to  be  taken  into 
consideration  in  the  navigation  and  berthing  of  vessels,  a  shift 
in  the  wind  having  the  same  effect  as  a  tide,  and  causing  either 
deep  or  shoal  water.  Thus  in  the  Caspian  the  wind  raises  or 
depresses  the  water  6  feet,  according  to  its  direction,  making  a 
total  variation  of  12  feet.  A  signal-boat  is  stationed  at  the 
roadstead  at  the  mouth  of  the  Volga,  to  indicate  to  mariners  the 
depth  of  water  available.  On  the  coast  of  Holland  in  the  North 
Sea,  heavy  gales  sometimes  raise  the  tide  at  Tmuiden  from  its 
normal  height  of  3  feet  to  10  feet. 

Gales  which  have  their  direction  the  same  as  that  of  the  main 
set  of  the  flood  stream  cause  high  water  to  be  raised  above  its 
normal  or  calculated  height,  and  those  which  have  their  direction 
the  same  as  the  main  set  of  the  ebb  stream  depress  the  low  water 
to  an  equal  extent.  Thus  on  the  West  Coast  in  the  Irish  sea,  a 
south-west  gale  causes  a  high  tide  in  the  Mersey  and  the  Ribble 
estuaries,  and  when  from  the  opposite  direction  a  low  ebb.  On 
the  East  Coast  gales  from  the  north-east  to  north-west,  especially 
when  accompanied  by  a  low  barometer,  raise  the  tides  from 
Pentland  Firth  to  the  Thames  from  2  to  3  feet,  and  cause  them 
to  flow  half  an  hour  earlier.  South-east  to  south-west  winds 
produce  the  opposite  effect.  The  effect  of  such  gales  extends  to 
the  English  Channel,  and  is  felt  as  low  down  as  Dungeness. 

The  difference  in  height  depends  on  the  force  and  continuance 
of  the  gale.  A  rough  approximation  may  be  taken  that  a  strong 
gale  will  raise  the  high-water  level  as  many  inches  above  its 
4»lculated  height,  as  given  in  the  Tide  Tables,  as  the  tide  rises 
in  feet.  Thus  a  tide  given  as  rising  20  feet  above  low  water 
-would  be  increased  to  21  feet  8  inches. 

The  conjunction  of  the  following  circumstances  would  result 
in  an  extreme  high  tide:  A  spring  tide  at  the  time  of  the 
equinox  with  the  moon  in  perigee ;  a  strong  gale  blowing  con- 
tinuously in  the  same  direction  as  the  flowing  tide  in  the  open 
sea  and  suddenly  changing  to  an  on-shore  wind  on  the  rising 
tide ;  and  a  sudden  depression  in  the  barometer  occurring  at  the 
same  period. 

Five  times  during  the  present  century  the  winds  have  caused 
the  tides  in  the  Wash  to  rise  more  than  4  feet  above  the 
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ordinary  level  of  spring  tides.  In  the  Thames  the  difference 
between  two  successive  tides  has  amounted  to  as  much  as  7  feet 
5  inches,  the  average  variation  of  twenty-two  successive  tides 
following  gales  being  about  5  feet.  The  rise  above  Trinity 
standard  at  periods  varying  from  two  to  five  years  has  been 
from  3^  to  4^  feet;  neap  tides  also  being  raised  as  much  as 
4  feet  4  inches  above  the  calculated  height.  The  highest  known 
tide  in  the  Thames  was  that  of  January,  1877,  which  rose  4 
feet  3  inches  above  Trinity  standard  and  3  feet  4  inches  above 
the  calculated  rise.  Taking  four  tides,  which  rose  from  3  feet 
9  inches  to  4  feet  3  inches  above  Trinity  standard,  and  allowing 
22  feet  as  the  range  of  the  tide,  this  would  give  1^  inch  extra 
rise  for  every  foot  of  range.  At  Liverpool,  when  the  range  of 
a  spring  tide  is  about  27  feet,  strong  gales  make  a  difference 
in  the  height  of  spring  tides  of  5  feet. 

The  wind  also  considerably  affects  the  level  of  low  water, 
depressing  this  in  strong  gales  blowing  in  the  direction  of  the 
ebb  current.  On  the  coast  of  Holland  strong  winds  from  the 
south-east  have  caused  two  extraordinarily  low  consecutive 
ebbs  to  follow  one  another  with  a  very  slight  rise  between, 
even  this  remaining  below  mean  low-water  level.  In  the  La 
Plata  heavy  gales  from  the  north-east  to  north-west  cause 
the  water  to  rise  above  its  ordinary  level  8  feet  and  to  fall 
4  feet  below,  making  a  difference  of  12  feet  in  the  level  of  low 
water. 

After  heavy  gales  it  occasionally  happens  that  the  tide  in  a 
river,  after  attaining  its  height  and  having  commenced  to  ebb 
for  some  time,  will  flow  again  and  rise  higher  on  the  second  flow 
than  at  the  first. 

High  tides  are  always  accompanied  by  low  ebbs,  the  water 
heaped  up  in  one  place  being  drawn  away  from  another. 

Tidal  Peculiarities. — The  tides  around  the  coast  in  many 
places  depart  from  the  regularity  which  occurs  in  the  open 
ocean ;  thus  in  the  English  Channel  the  tidal  wave  setting  into 
the  Bay  of  St.  Malo  causes  the  water  to  rise  at  springs  at  Brehut 
39  feet,  and  at  neaps  at  23^  feet  At  St.  Malo  the  rise  is  as 
much  as  44^  feet  at  high  spring  tides.  Round  Guernsey  tide 
and  half  tide  prevail,  and  generally  round  the  Channel  Islands 
the  tidal  stream  changes  its  direction  by  a  rotary  motion  from 
east  by  north  to  west  and  south,  making  a  complete  circuit  of 
the  compass  in  a  little  over  12  hours.     The  current  is  also 
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extremely  rapid  in  places,  increasing  about  3  knots  in  the  offing 
off  Guernsey  to  4i^  near  the  island  and  over  7  between  the 
islands. 

In  the  Bay  of  Calvados  there  is  a  long  period  of  slack  at 
high  water.  At  Havre  the  slack  of  high  water  lasts  practically 
S^  hours.  Actual  slack  lasts  for  an  hour;  for  the  next  hour  the 
level  only  varies  from  3  to  4  inches.  During  3  hours  the  tide 
only  rises  and  falls  13  inches.  Thus  spring  tides,  which  rise 
23  feet,  flow  for  3^  hours,  remain  almost  stationary  2^  hours,  and 
ebb  6^  hours.  At  Honfleur  the  time  of  slack  water  lasts  from 
15  to  20  minutes,  but  the  variation  in  level  from  half  an  hour 
before  to  half  an  hour  after  high  water  is  only  from  3  to  4 
inches.  This,  period  of  still  water  is  caused  by  a  second  tidal 
wave  following  on  the  first,  which  bends  into  the  bay  and, 
striking  the  Cotentin  peninsula,  travels  afterwards  along  the 
coast  of  Calvados,  and  reaches  Havre  later  than  the  tide  which 
has  already  come  from  the  other  direction.  There  is  also  a  long 
interval  of  slack  at  low  water  in  front  of  Havre.  The  difference 
in  the  rise  between  springs  and  neaps  is  also  abnormal,  the 
latter  rising  9*84  feet,  and  the  former  28  feet. 

On  the  north  side  of  the  English  Channel,  in  Poole  Harbour, 
the  tide  stands  nearly  at  the  level  of  high  water  for  about  3^ 
hours,  there  being  two  periods  of  high  water  here,  the  second 
being  3t^  hours  after  the  first.  The  tides  at  this  part  of  the 
Channel  present  a  great  contrast  to  those  in  the  Bay  of  St. 
Malo,  springs  only  rising  6i  feet,  and  neaps  4J  feet.  At  Christ- 
church,  Swanage,  and  Southampton  there  are  also  two  high 
waters,  the  first  high  water  being  2^  hours  before  the  second 
at  Christchurch,  4  hours  at  Swanage,  and  2  hours  at  South- 
ampton. The  Isle  of  Wight  being  situated  across  the  entrance 
to  Southampton  Water,  a  portion  of  the  great  tidal  wave,  in 
its  progress  up  the  Channel,  becomes  separated  from  the  main 
body,  and,  flowing  up  the  Needles  passage  into  the  Solent, 
reaches  Southampton,  and  causes  the  first  tide  about  the  same 
time  that  the  main  body  arrives  at  Dunnose  Point.  This  tide, 
beginning  to  ebb,  is  stopped  and  driven  back  again  by  the  main 
stream  from  Spithead.  After  low  water  the  tide  rises  steadily 
for  7  hours,  which  causes  the  first  high  water ;  it  then  ebbs  for 
an  hour  9  inches,  and  then  commences  to  rise  again.  In  1^ 
hour  it  reaches  about  6  inches  higher  than  its  former  level; 
this  is  the  second  high  water.     The  influence  of  this  second  tide 
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extends  as  far  as  Portland,  but  westward  of  St.  Alban's  Head  it 
comes  so  near  the  time  of  low  water  and  causes  so  small  a  rise 
that  it  is  called  the  second  low  water,  the  intermediate  rise 
being  called  the  gulden  At  Lulworth  the  first  low  water  takes 
place  4^  hours  after  high  water ;  the  gulder  then  rises  for  1^ 
hour  from  5  to  7  inches,  and  the  second  low  water  occurs  2  hours 
after  the  gulder  has  ceased  rising.  At  Weymouth  the  time  of 
first  and  second  low  water  is  nearly  the  same  as  at  Lulworth, 
the  rise  of  the  gulder  being  somewhat  greater.  At  Portland 
Breakwater  the  first  low  water  is  5  hours  after  high  water,  and 
the  second  3  hours  later.  At  the  Nab  Bock,  where  the  tidal 
stream  through  Spithead  and  round  Dunnose  meet,  the  tides  are 
rotary,  the  first  of  flood  setting  east  and  going  north-west  a  little 
before  high  water,  the  ebb  setting  westward  and  round  by  south 
to  the  east  There  is  also  another  peculiarity  about  the  tides  in 
this  part  of  the  Channel,  the  flood  tide  at  Chichester,  Langston, 
Southampton,  and  Portsmouth,  and  the  other  harbours  in  the 
Solent,  lasting  about  2  hours  longer  than  the  ebb,  the  flood  con- 
tinuing 7  hours,  and  the  ebb  6  hours  only.  This  is  occasioned 
by  the  second  flood  stream  coming  round  the  east  of  the  Isle 
of  Wight  and  joining  that  from  the  west.  After  this  accession 
the  rise  of  the  tide  becomes  more  rapid,  which  accelerates 
the  filling  of  the  harbours  and  prolongs  the  natural  duration 
of  the  flood. 

In  the  Bristol  Channel  the  variation  in  the  level  of  the  tide 
is  very  abnormal.  At  the  entrance  between  Bude  Haven  and 
Pembroke  the  rise  of  ordinary  spring  tides  is  23  feet.  Where 
the  channel  terminates  and  the  Severn  commences,  about  the 
mouth  of  the  river  Avon,  the  rise  is  40  feet ;  owing  to  the  shoal- 
ing and  contraction  of  the  waterway  the  tide  then  faUs  off,  the 
ris^  at  Gloucester  being  only  3J  feet.  The  tides  running  out 
of  the  Severn  up  the  Wye  are  the  highest  in  this  country.  The 
water  is  so  gorged  up  this  river  that  exceptionally  .high. tides 
rise  above  low  water  of  spring  tides  at  Chepstow  Bridge  50  feet, 
the  maximum  recorded  distance  between  extreme  low  and  ex- 
treme high  water  being  53  feet.  The  actual  rise  above  the 
mean  level  of  the  sea  is  about  23^  feet  for  an  ordinary  spring 
tide,  and  29f  feet  for  an  exti'aordinaiy  tide ;  so  that  the  extreme 
variation  is  due  partly  to  the  heaping  up  of  the  water  and 
partly  to  the  water  being  drawn  out,  the  trough  of  the  tidal 
wave  descending  nearly  as  much  below  the  mean  level  of  the 
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sea  as  the  crest  rises  above  it.  In  1839,  a  committee  of  the 
British  Association  had  a  series  of  levels  run  from  Portishead 
in  the  Bristol  Channel  to  Axmouth  in  the  English  Channel,  and 
also  a  series  of  observations  of  the  tides  taken  at  each  of  these 
places,  in  order  to  determine  the  diflference  of  level  of  the  surface 
of  the  water  at  tide  time  at  the  two  places.  The  result  showed 
that,  with  a  mean  tide  rising  35^  feet  at  Portishead  and  10  feet 
at  Axmouth,  the  mean  level  of  the  sea  was  onl}'  9  inches  higher 
at  the  former  place  than  at  the  latter.  The  high-water  level 
rose  13*6  feet  higher  at  Portishead  than  at  Axmouth,  and  the 
low  water  fell  12'14  lower,  making  the  total  difference  in  the 
level  of  high  and  low  water  of  2574  feet. 

In  St.  George's  Channel  leading  to  the  Irish  Sea  the  tide 
sets  from  the  south-west  towards  the  west  coast  of  Wales,  and 
while  the  tidal  wave  rises  from  14  to  15  feet  in  Cardigan  Bay, 
the  rise  on  the  coast  of  Ireland  on  the  opposite  side  is  only  from 
3^  to  4  feet.  In  the  Irish  Sea  the  tide  sets  directly  towards 
Liverpool  Bay  both  from  the  north  and  from  the  south,  causing 
a  gorging  up.  While  at  Holyhead  the  rise  is  only  16  feet,  in 
Liverpool  Bay  it  is  27i  feet;  on  the  opposite  Irish  coast  the  rise 
is  only  from  12  to  13  feet.  South  of  the  Isle  of  Man,  although 
the  rise  of  the  tide  is  18  feet,  there  is  an  area  of  perpetual  slack 
water ;  while  between  the  Tuskars  and  Arklow,  although  there 
is  a  rise  in  one  part  of  only  from  1  to  2  feet,  there  is  a  strong 
tidal  current 

The  most  disturbed  condition  of  the  tides  round  the  coast  of 
the  British  Islands  is  on  the  north  of  Scotland,  between  the 
mainland  and  the  islands  of  Shetland  and  Orkney.  Owing  to 
the  opposition  caused  to  the  tidal  wave  from  the  Atlantic,  the 
velocity  and  turbulence  of  the  tidal  stream  is  so  great  in  Pent- 
land  Firth  that  when  strong  gales  prevail  at  spring  tides  the  sea 
is  not  navigable.  On  some  parts  of  the  shores  of  the  Orkneys 
the  breakers  rise  to  a  height  of  60  feet,  and  the  tidal  current 
runs  through  the  firth  with  a  velocity  of  7  to  8  knots,  and  in 
one  place  reaches  nearly  11  knots.  Between  one  side  of  Sanday 
and  the  other,  the  distance  being  only  half  a  mile,  the  difference 
in  level  of  the  sea  is  nearly  5  feet,  and  high  water  is  If  hour 
later  on  the  east  than  on  the  west  side.  The  effect  of  the  tidal 
wave  on  the  whole  mass  of  water  and  throughout  its  whole 
depth  is  evidenced  by  the  fact  that  the  position  of  shoal  ridges 
at  depths  of  30  to  47  fathoms  is  indicated  in  calm  weather  by 
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ripples  on  the  surface,  and  when  the  stream  is  only  moving  at 
the  rate  of  a  knot. 

On  the  East  Coast,  the  tide  setting  into  Lynn  Well  affords 
an  illustration  of  what  is  known  as  "tide  and  half  tide."  The 
flood  running  up  Lynn  Well  strikes  the  head  of  the  bay,  and  at 
about  the  time  of  half  flood  is  split  into  two  parts,  one  current 
continuing  south-east  along  the  centre  of  the  Well,  and  up  the 
rivers  Ouse  and  Nene,  and  the  other  running  in  the  opposite 
direction,  and  to  the  east  along  the  Norfolk  coast,  the  tidal 
stream  thus  running  in  opposite  directions  at  the  same  time. 

In  the  North  Sea  off  the  Wash,  the  tides  have  in  places  a 
rotary  motion.  Outside  the  Dowsing  and  Docking  shoals  the 
tide  never  slackens,  the  first  quarter  flood  running  from  north- 
west, the  second  quarter  fi-om  north-east,  last  half  of  the  flood 
and  the  first  quarter  of  ebb  from  east  to  south-south-east ;  half 
ebb  to  low  water,  from  south-west  to  west-north-west,  the 
strength  continuing  about  2^  to  3  knots.  At  the  Dudgeon  shoal 
the  tidal  stream  also  never  slackens,  making  a  complete  circuit 
of  the  compass  in  12  hours.  Between  Cromer  and  Winterton 
the  tidal  wave  is  much  retarded,  taking  \\  hour  to  travel  a 
distance  of  25  miles,  and  the  rise  and  fall  decreasing  from  about 
15  feet  at  Cromer  to  8  feet  at  Winterton  Ness,  and  5  feet  at 
Yai'raouth.  There  is  also  a  rotary  action  near  Winterton  and 
Hasborough,  but  in  the  opposite  direction  to  that  at  the  Dowsing 
and  Dudgeon,  the  set  here  being  from  east  to  west.  Otf 
Yarmouth  the  level  of  the  sea  varies  less  than  6  inches  from 
about  an  hour  after  both  high  and  low  water.  The  winds  here 
have  a  gi*eat  effect  on  the  tide,  strong  north-west  gales  raising 
the  water  7  feet  above  the  rise  of  an  ordinary  spring  tide,  and 
sudden  changes  in  the  direction  of  the  wind  making  a  difference 
of  from  3  to  4  feet  in  the  level  of  high  water  of  succeeding  tides. 
At  the  Ower  lightship,  between  Cromer  and  Yarmouth,  there 
is  no  sensible  rising  of  the  tide  until  3  hours  after  low  water ; 
when  the  ebb  stream  is  nearly  done  a  sudden  rise  of  from  6  to 
6  feet  occurs,  so  that  nearly  the  whole  rise  of  9  feet  at  spring 
tides  occurs  in  the  last  3  hours.  At  the  Lemon  and  Ower, 
also  at  Smith's  Knoll,  and  at  the  Galloper  light-vessel  off  the 
Kentish  Knock,  and  near  the  Swin  at  the  mouth  of  the  Thames^ 
the  tides  take  a  rotary  direction,  moving  from  west  to  east. 

The  places  where  the  lowest  tides  occur  in  the  sea  surrounding 
this  coast  are  termed  the  node%.     In  the  English  Channel  the 
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nodal  line  passes  from  Swanage,  where  the  rise  is  only  6^  feet^ 
to  Barfleur  on  the  French  Coast,  where  the  rise  is  17  feet ; 
the  rise  on  the  west  side  of  this  place  being  37  feet,  and  on  the 
east  22  feet.  In  the  North  Sea  the  nodal  line  extends  from 
Yarmouth,  where  the  rise  is  6  feet,  to  Nieuwediep,  on  the  Dutch 
coast,  where  the  rise  is  4  feet.  In  the  Irish  Sea  the  line  extends 
from  Courtown,  where  the  rise  is  3f  feet,  to  Cardigan  Bay,  where 
the  rise  is  12  feet,  this  line  being  about  the  same  distance  from 
the  entrance  to  the  Irish  Sea,  or  a  line  drawn  from  Cape  Clear 
to  the  Land's  End,  as  Swanage  is  from  the  entrance  to  the  English 
Channel.  These  places  are  also  all  about  the  same  distance,  150 
miles,  from  the  head  of  the  tide  at  Lynn  Well,  Beachy  Head,  and 
St.  David's  Head,  respectively,  and  high  water  at  full  and  change 
occurs  at  each  place  at  the  same  time.  The  time  of  high  water 
in  the  Bristol  Channel  and  in  St.  Malo  Bay,  where  the  tides  rise 
the  highest  of  anywhere  round  the  coast,  is  the  same ;  and  so 
also  the  distance  of  the  two  places  from  the  entrance  to  the 
English  Channel,  the  line  being  drawn  from  the  two  projecting 
headlands. 

At  Marsdiep,  on  the  Helder,  where  the  average  rise  of  tide 
is  5^  feet,  the  tide  remains  at  high  water  for  3^  hours,  the  flood 
lasting  3^  hours  and  the.  ebb  6  hours.  At  spring  tides  the  wave 
shows  two  crests  with  a  depression  between.  This  is  due  to  the 
meeting  of  the  two  tidal  waves,  one  from  the  Channel,  and  the 
other  from  Scotland. 

There  is  a  very  great  variation  in  the  rise  and  fall  of  the  tide 
on  the  coasts  of  the  open  ocean.  Off  Cape  Horn,  owing  to  the 
contraction  in  the  waterway  of  the  Southern  Ocean,  and  the 
opposition  offered  to  the  progress  of  the  tidal  wave,  the  sea  here 
is  always  excessively  turbulent  and  dangerous  for  navigation. 
At  Staten  Island,  on  the  southern  extremity  of  Tierra  del  Fuego, 
and  at  the  Falkland  Islands  the  rise  is  from  5  to  8  feet,  and 
at  Port  Gallegas  and  Santa  Cruz  on  the  coast  to  the  north  of 
the  Straits,  from  40  to  45  feet.  In  the  Straits  of  Magellan,  on 
the  Pacific  side,  the  difference  between  high  and  low  water  is 
from  36  to  44  feet.  About  the  middle  of  the  Straits,  near  Sandy 
Point  and  Cape  Virgin,  where  they  widen  out  very  considerably, 
the  difference  is  from  5  to  7  feet ;  it  then  increases  again  to  8  feet. 
On  the  Pacific  side  the  difference  is  from  4  to  6  feet.  On  the 
coast  of  Central  America,  on  the  Pacific  side,  the  rise  is  about 
15  feet.     In  the  Gulf  of  Darien  and  at  Panama  it  increases  to 


1 


94  TIDAL   RIVERS. 

20  and  24  feet;  on  the  opposite  coast  of  the  Isthmus,  on  the 
Atlantic  side,  the  rise  is  only  from  1^  to  2  feet. 

In  the  Bay  of  Fundy,  on  the  north-east  coast  of  America,  there 
is  a  very  great  difference  between  the  level  of  low  and  high 
water,  amounting  to  about  40  feet  at  spring  tides,  and  in  extreme 
cases  even  as  much  as  60  feet,  the  rise  in  the  open  ocean  being 
from  5  to  6  feet  Mr.  M.  Murphy,  the  Government  engineer  of 
Nova  Scotia,  says,  in  a  paper  contributed  to  the  Nova  Scotia 
Institute  of  Natural  Science  in  1867,  that  it  is  an  error  to  state 
that  the  tides  in  the  Bay  of  Fundy  rise  50  or  60  feet  above  the 
mean  low-water  level  of  the  sea,  as  the  tidal  wave  on  its  retreat 
scoops  back  with  it  nearly  as  much  water  in  depth  below  the 
mean  level  as  it  carries  with  it  in  its  advance  above  the  level. 
The  tides  seldom  rise  to  a  greater  height  above  the  mean  level 
than  22  feet,  but  as  the  low  water  falls  out  to  the  same  distance 
below  the  mean  level  it  is  correct  to  say  that  between  the 
highest  and  lowest  water  there  is  a  difference  of  from  50  to 
60  feet  at  extreme  springs. 

Amongst  the  West  India  Islands  and  in  the  Gulf  of  Mexico 
the  tidal  rise  is  only  from  1^  to  2  feet,  whereas  in  the  Pacific, 
across  the  narrow  neck  of  land  which  divides  the  two  seas,  the 
rise  is  from  12  to  18  feet.  Between  Cape  St.  George  and  Cape 
Florida  there  are  two  tides  during  the  day  subject  to  a  large 
diurnal  inequality,  and  the  rise  here  is  nearly  double  that  in  the 
other  parts  of  the  gulf.  In  the  Gulf  of  Mexico  there  is  only 
one  tide  in  the  day,  the  rise  and  fall  increasing  or  decreasing 
with  the  moon's  declination.  This  may  probably  be  due  to  the 
fact  that  the  flood  tide,  being  driven  into  the  Gulf  by  the  momen- 
tum of  the  ocean  wave,  and  having  a  long  run  up  the  Mississippi 
and  other  large  rivers  which  are  connected  with  the  Gul^  pours 
so  great  a  quantity  of  water  into  the  Gulf  that  the  ebb  has  not 
time  to  get  out  again  before  it  is  met  by  the  succeeding  flood, 
and  consequently  only  every  alternate  wave  reaches  the  head 
of  the  bay.  In  the  same  way,  in  some  rivers  into  which  the 
tide  enters  with  a  great  head  and  has  a  long  run,  the  low  water 
of  spring  tides  does  not  ebb  out  as  low  as  that  of  neaps. 

At  Singapore,  where  there  is  a  rise  of  10  feet  at  spring  tides, 
there  is  a  very  large  diurnal  inequality,  amounting  at  times  to 
6  feet,  the  low  water  being  affected  to  the  same  extent. 

At  Lucipara,  in  the  Banks  Strait,  where  there  is  a  rise  of 
10  feet  at  spring  tides,  there  is  only  one  tide  in  the  day,  and  this 
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very  irregular.  So  also  at  Bawean,  in  the  Java  Sea,  with  a  rise 
of  about  10  feet  there  is  only  one  tide  in  the  day,  and  this 
occurs  in  the  morning  from  April  to  October,  and  in  the  evening 
for  the  rest  of  the  year. 

At  Whampoa,  in  the  China  Sea,  in  May  and  June  the  level  oi 
spring  tides  is  4  feet,  and  of  neaps  2  feet  higher  than  at  the 
equinox.  At  Sydney,  in  Australia,  the  night  tides  during  June 
and  July  are  at  times  nearly  2  feet  higher  than  the  day  tides, 
and  the  reverse  is  the  case  in  December  and  January. 

Progress  of  the  Tidal  Wave. — In  order  to  trace  with  any 
degree  of  accuracy  the  progress  of  the  tidal  wave  from  the 
Southern  Ocean,  through  the  Atlantic,  to  the  coasts  of  this  country 
it  would  be  necessary  to  institute  simultaneous  observations 
along  the  whole  of  its  course.  No  such  observations,  however, 
having  been  made,  the  only  course  that  can  be  adopted  is  to 
take  the  time  of  high  water  at  full  and  change,  as  recorded  in 
the  Tide  Tables  and  Admiralty  Sailing  Directions  at  the  various 
places  along  the  coast.  This  only  gives  an  approximate  result, 
as,  owing  to  the  effect  of  projections  and  indentations  in  the 
coast-line  diverting  the  course  of  the  tidal  current,  and  other 
disturbing  causes,  the  time  and  height  of  the  tides  along  the 
coast  is  very  irregular  and  difficult  to  follow.  The  tidal  current 
appears  in  many  cases  to  assume  a  rotary  motion,  being  reflected 
fiH)m  a  projecting  part  of  the  coast,  and  returning  back  along 
the  shore,  making  the  time  of  high  water  later  at  a  place  several 
miles  south.  Even  at  the  islands  in  the  open  ocean  high  water 
is  in  many  places  several  hours  later  on  one  side  of  the  island 
than  on  the  other,  and  the  tides  vary  considerably  in  their  rise 
and  fall. 

Taking  the  tide  which  makes  high  water  at  full  and  change 
in  the  Southei*n  Ocean  on  the  meridian  of  Greenwich  at  noon,  it 
is  also  high  water  on  the  opposite  side  of  the  globe,  at  the  islands 
off  the  southern  coast  of  New  Zealand,  and  low  water  at  the 
islands  to  the  east,  about  midway  between  these  points.  Owing 
to  the  disturbance  caused  by  the  narrow  strait  between  Tierra 
^el  Fuego  and  Graham's  Land,  the  time  of  low  water  is  not  so 
well  defined  on  the  west  side ;  but,  as  nearly  as  can  be  ascertained, 
low  water  on  the  meridian  of  80^  or  half-way  between  the  two 
high  waters,  is  at  the  same  time  as  high  water  on  the  meridian 
-of  Greenwich. 

In  the  chart.  Fig.  10,  the  upper  figures  represent  the  local 
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time  of  high-water  spring  tides,  and  the  lower  the  rise  in  feet 
above  low  water.  The  arrows  show  the  direction  of  the  flood 
tide.  As,  in  order  to  trace  the  time  the  tidal  wave  takes  to 
advance,  it  is  necessary  to  use  the  same  standard  of  time  at 
each  place  on  the  chart,  Greenwich  time  is  given  as  well  as 
local  time,  the  former  being  distinguished  by  being  enclosed 
in  a  circle. 

In  the  centre  of  the  Atlantic  is  a  high  ridge  which  runs  from 
the  Southern  Ocean,  and  continues  through  the  narrow  neck 
between  the  projecting  promontories  of  South  America  and 
Africa,  and  thence  along  the  open  space  between  the  West  India 
Islands  and  the  coast  of  Africa  through  the  North  Atlantic 
up  to  the  Arctic  Seas.  This  ridge  is  of  varying  width,  and  is 
elevated  about  1500  fathoms  above  the  bottom,  decreasing  the 
depth  of  the  water  where  it  runs  about  one-half.  This  elevation 
must  have  a  material  effect  in  guiding  the  direction  of  the  tidal 
current 

The  coast  tidal  wave  reaches  off  the  south  of  Africa  about 
li^  hour  after  leaving  the  Southern  Ocean ;  and  the  part  which 
projects  westward  from  Fernando  Po,  which  is  nearly  on  the 
equator,  in  4j^  hours,  or  at  the  rate  of  660  nautical  miles  an  hour, 
the  depth  being  about  15,000  feet.  From  here  the  progress  of  the 
wave  is  delayed,  having  to  force  its  way  through  the  narrow  gorge 
caused  by  the  projection  of  the  two  mainlands  and  the  elevation 
of  the  ridge  in  the  centre  of  the  channel  It  does  not  reach 
latitude  20°  north,  off  the  north-west  coast  of  Africa,  till  noon,  or 
at  the  rate  of  160  miles  an  hour.  From  here  the  progress  is  more 
rapid,  the  wave  reaching  off  the  southern  part  of  these  Islands  in 
latitude  50°  at  4.30,  being  at  the  rate  of  400  miles  an  hour,  the 
depth  here  also  being  about  15,000  feet  The  wave  on  the  west 
side  of  the  South  Atlantic  also  receives  a  check  on  reaching  the 
narrow  gorge  off  Oape  St.  Roque,  and  appears  to  be  deflected 
back,  moving  southwards  along  the  coast,  the  tide  on  this  side 
being  much  later  on  the  same  latitude  than  on  the  African 
coast.  The  time  of  high  water  off  Cape  St  Boque  is  about  six 
o'clock,  as  against  half-past  four  off  Cape  Palmas  on  the  opposite 
side. 

The  progress  of  the  wave  along  the  north  coast  of  South 
America  and  past  the  West  India  Islands  is  disturbed  by  the 
sudden  opening  out  of  the  width,  resulting  in  the  eddy  and  the 
dead  water  of  the  Sargossa  Sea,  and  the  shoaling  in  the  depth 
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caused  by  a  branch  of  the  central  ridge  extending  to  the  main- 
land.   The  smaJlness  of  the  sectional  area  of  the  Channel  also 
restricts  the  quantity  of  "veater  passing  through,  and,  the  main  set 
following  the  deep  channel  northwards,  the  quantity  passing  in 
amongst  the  West  India  Islands  and  into  the  Carribean  Sea  and 
Gulf  of  Mexico  is  only  sufficient  to  raise  a  tide  of  1  foot  6  inches. 
Owing  al^o  to  the  hindrance  in  passing  through  the  gorge  off  Cape 
St.  Roque,  high  water,  which  takes  place  at  noon  off  Cape  Blanco, 
on  the  African  Coast,  does  not  attain  at  the  same  time  till  past 
the  Bermudas,  or  in  about  latitude  40°,  1200  miles  further. 
From  here  the  tide  wave  appears  to  take  its  main  set  between  the 
east  coast  of  North  America  and  the  Dolphin  Ridge,  one  branch 
following  the  same  course  as  the  Qulf  Stream,  and  setting  across 
to  the  north  coast  of  Scotland,  another  branch  going  up  Baffin 
Bay,  another  the  east  side  of  Greenland,  and  another  along  the 
coast  of  Norway,  meeting  the  tidal  current  of  the  Arctic  Ocean 
coming  from  the  east  from  New  Siberia  and  Francis  Joseph  Land. 
The  crest  of  the  tidal  wave,  which  attains  its  height  at  full 
and  change  at  the  Scilly  Islands  at  4.30,  reaches  the  north  of 
Scotland  off  Cape  Wrath  at  7.30,  a  distance  of  500  miles,  or  at 
the  rate  of  166  miles  an  hour,  the  average  depth  of  the  low- 
water  soundings  off  the  coast  being  about  400  fathoma    It  takes 
2^   hours  from  Cape  Wrath  to  the  Shetland  Islands,  and   it 
reaches  Flamborough  on  the  east  coast  12  hours  after  leaving 
ScUly,  a  distance  from   the   Shetlands  of  360   miles,  having 
travelled  down  the  North  Sea  at  the  rate  of  about  55  miles  an 
hour,  the  depth  averaging  about  40  fathoms.     Seven  hours  later, 
or  about  11.30,  it  has  reached  the  Thames  estuary,  19  hours  later 
than  at  Scilly,  the  progress  from  Flamborough  to  the  Thames 
being  at  the  rate  of  21i^  miles  an  hour,  the  depth  varying  from 
15  to  20  fathoms.    The  course  of  the  tidal  wave  is  obstructed 
in  this  part  of  its  course  by  several  submerged  sandbanks. 
The  North  Sea  is  practically  a  large  bay.     While,  therefore, 
one  branch  of  the  tide  continues  along  the  English  coast  to  the 
Straits  of  Dover  and  meets  the  tide  from  the  English  Channel, 
the  main  body  of  the  water  sweeps  round  at  the  south  end  of 
the  bay  to  the  east  and  north  along  the  coast  of  Holland  and 
Germany,  and,  after  throwing  off  a  branch  into  the  Baltic,  meets 
the  set  coming  from  the  north  off  the  south  end  of  the  coast  of 
Norway.    The  rise  here  is  only  about  4  feet,  gradually  dying  off 
to  nothing  in  the  Baltic. 
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The  crest  of  the  tide,  which  passes  Scilly  at  4.30  and  travels 
up  the  English  Channel,  reaches  the  east  end  of  the  Straits  of 
Dover  7  hours  later,  or  at  about  11.30,  the  crest  of  the  two  tides 
thus  reaching  this  point  about  the  same  time.  The  distance  is 
300  miles,  and  the  rate  of  progress  along  the  channel  at  the 
rate  of  43  miles  an  hour.  The  low-water  soundings  gradually 
diminish  eastwards  from  50  to  20  fathoms.  When  it  is  low 
water  at  the  head  of  the  tide,  say  between  Beachy  Head  and 
Dover  in  the  English  Channel,  or  the  Isle  of  Man  in  the  Irish 
Sea,  it  is  high  water  in  the  parts  where  the  tide  is  about  6  hours 
previously.  There  is,  therefore,  a  slope  of  the  water  on  both 
sides  towards  the  place  of  the  head  of  the  tide,  in  consequence  of 
which  the  tides  commence  to  flow  from  both  sides  towards  the 
same  place.  After  flowing  a  certain  time,  the  currents  attain 
their  greatest  velocity  at  the  moment  when  the  surface  of  the 
water  is  at  its  mean  level  and  all  slope  is  destroyed,  yet  the 
currents  continue  to  flow  by  virtue  of  their  acquired  momentum, 
and  run  uphill  for  the  last  part  of  the  tide,  until  the  water  has 
acquired  an  equal  slope  in  the  opposite  direction,  when  the  process 
is  reversed.  In  the  Irish  Sea,  the  slope  at  its.  maximum  is 
2'65  inches  per  mile,  and  in  the  English  Channel  an  inch  in 
a  mile. 

The  maximum  rate  of  the  stream  is  at  half-tide,  when  the 
surface  has  the  least  depression,  and  the  stream  ceases  when  the 
greatest  elevation  and  depression  are  attained. 

Bise  of  Tide. — In  the  South  Atlantic,  at  Ascension  and 
St.  Helena,  the  rise  of  spring  tides  is  only  from  2  to  3  feet,  and 
at  the  West  India  Islands  from  \\  to  2  feet.  At  Tahiti,  in  the 
South  Pacific,  the  rise  is  \\  foot.  The  height  of  the  tide  in  the 
open  ocean  can  only  be  approximately  ascertained  from  the  height 
at  the  islands  in  its  midst.  The  heights  at  these  places  may, 
however,  be  affected  by  the  tidal  wave  being  checked  by  the 
coast  or  by  winds.  It  may  be  taken  that  the  crest  of  the  free 
tide-wave  of  the  ocean  does  not  reach  more  than  about  2  feet.  As 
the  wave  advances,  and  its  momentum  is  checked  by  the  shores 
of  the  mainland,  this  height  is  increased  to  6  and  8  feet  under 
ordinary  conditions,  and  to  ten  times  this  height  under  excep- 
tional circumstances.  Along  the  coast  of  South  America  and 
the  west  coast  of  Africa  the  rise  of  spring  tides  is  from  6  to  8 
feet.  When  the  ocean  widens  out  on  the  north  of  South  America^ 
the  rise  is  only  about  2  feet  at  the  West  India  Islands,  and  about 
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li^  in  the  Qulf  of  Mexico.  Along  the  west  coast  of  Europe  the 
rise  is  from  12  to  16  feet,  and  on  the  east  coast  of  the  United 
States,  fi*om  6  to  8  feet.  At  the  Scilly  Islands  the  rise  is  16  feet ; 
at  Cape  Clear,  on  the  south  part  of  Ireland,  9  feet ;  and  varying 
along  the  west  coast  from  9  to  13  feet.  At  the  Mull  of  Cantire 
the  rise  is  4  feet ;  at  Tobermory,  Isle  of  Mull,  and  lona,  and  to 
Stomoway,  the  rise  is  from  8  to  9  feet ;  and  15^  feet  at  Cape 
Wrath.  Off  the  Orkneys  the  rise  is  10  feet,  and  off  the  Shetlands 
6  feet.  Down  the  east  coast  the  rise  is  from  10  to  12  feet,  in- 
creasing to  15  feet  from  Eyemouth  down  the  east  coast  of 
England  to  Bridlington.  Off  the  Humber  it  rises  to  19  feet,  and 
to  22  feet  in  the  Wash ;  at  Yarmouth  it  has  fallen  to  6  feet, 
which  corresponds  with  the  rise  on  the  opposite  coast  of  Holland. 
At  Harwich  it  increases  again  to  9  feet,  and  to  13  feet  at  Mar- 
gate and  in  the  Thames  estuary.  In  the  Straits  of  Dover,  the 
rise  is  15  feet  on  the  north  side  at  Dover,  and  17  feet  on  the 
south  at  Calais.  Here  the  north  tide  meets  the  branch  which 
sets  up  the  English  Channel  This  wave,  after  leaving  the  Scilly 
Islands  with  a  rise  of  16  feet,  falls  off  to  9  feet  at  Portland  Bill, 
and  7i  at  the  Needles  on  the  west  of  the  Isle  of  Wight.  It  then 
increases  again  to  16  feet  at  Selsea  Bill,  19  feet  at  Brighton,  20 
at  Beachy  Head,  and  24  feet  at  Hastings. 

The  tide  sets  into  the  Irish  Sea  both  from  the  south  through 
St.  George's  Channel  and  on  the  north  between  the  coasts  of 
Ireland  and  Scotland,  through  the  North  Channel.  The  two 
tides  meet  in  Morecambe  Bay.  The  main  stream  from  the 
south  sets  towards  the  Isle  of  Man,  where  the  rise  is  16  feet, 
which  it  passes  to  the  east.  The  eastern  stream  sweeps  round 
the  north-west  of  Anglesea  with  a  rise  of  16  feet  towards 
Liverpool  and  Morecambe  Bays,  when  it  is  met  by  the  northern 
tide,  causing  a  rise  of  from  27  to  28  feet.  The  western  stream 
runs  along  the  Irish  coast,  the  rise  at  Camsore  Point  being 
9  feet,  to  Wicklow  Head,  and  expends  itself  in  a  large  area  of 
still  water  between  the  Isle  of  Man  and  Carlingford.  Between 
Wexford  and  Wicklow  Head  the  tidal  currents  meet  and  destroy 
each  other,  the  rise  and  fall  being  only  3  J  feet  at  Courtown,  and 
there  is  still  water  at  all  times,  and  no  perceptible  current. 

In  the  North  Channel  the  tides  fall  off  from  14  feet  off  Lough 
Strangford  to  7  at  Lough  Eame,  and  from  3  to  4  feet  in  the 
narrow  channel  between  the  Mull  of  Cantire  on  the  Scotch 
Coast   and   Fair   Head   on    the   Irish   side,  increasing  to  6^ 
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feet  at  Portrush,  and  12  at  Lough  Swilly  on  the  north  of 
Ireland. 

At  the  Faroe  Islands  the  rise  is  6^  feet;  at  Spitzbergen, 
3^  feet;  at  Hammerfest,  9  feet;  at  Nova  Zembla,  10  feet;  in  the 
White  Sea  it  varies  from  2  to  20  feet.  In  the  North  Sea,  at 
Heligoland,  there  is  a  rise  of  9  feet,  increasing  to  11  fe^t  at  the 
entrance  to  the  Elbe.  From  this  the  tide  gradually  dies  out  in 
the  Baltic,  the  narrow  entrance  of  the  Kattegat  not  affording 
a  channel  of  sufficient  capacity  for  the  tidal  wave  to  enter 
freely.  On  the  east  shore  of  the  North  Sea  the  rise  varies  from 
4  feet  off  the  Norwegian  and  Dutch  coasts  to  16  feet  off  the 
coast  of  Belgium. 

The  rise  and  fall  of  the  tide  is  not  spread  equally  over  the 
time  occupied.  There  is  a  period  of  slack  water  both  at  low 
and  high  water,  the  length  occupied  by  the  slack  varying  in 
different  situations.  This  is  due  to  the  time  occupied  in  the 
reversal  of  the  direction  of  the  water.  In  rivers  the  slack  of 
high  water  varies  from  a  few  minutes  to  half  an  hour.  The 
rate  of  rise  increases  continually  from  slack  to  half-flood,  when 
it  attains  its  maximum,  and  then  falls  off  till  high  water. 

If  the  rise  of  the  tide  at  any  place,  either  at  springs  or 
neaps,  be  multiplied  by  the  following  constants,  it  will  give 
approximately  the  hourly  rise  and  fall  of  the  water  at  flood 
and  ebb : — 


Flood. 

Ebb. 

Hours. 

Feet. 

Feet. 
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•  •• 
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2 
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•  •  • 

0-18 

3 

0-26 

« •  • 

0-22 

4 

^ 

0-26 

•  •  • 

0-22 

5 

017 

t  •  • 

015 

6 

0-07 

•  ■  • 

012 

«                        ■  •  • 

•»• 

•  •• 
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The  ebb  lasting  a  little  longer  than  the  flood.  For  example, 
the  rise  of  a  spring  tide  in  an  estuary  is  27  feet.  From  the 
third  to  the  fourth  hour  the  rise  will  be  27  x  0*26  =  702  feet 
An  ebb  ranging  13  feet,  or  falling  that  distance  from  the  level 
of  high  to  low  water,  from  the  fourth  to  the  fifth  hour  would 
fall  13  X  0-15  =  1-95  feet. 

Spring  and  Heap  Tides. — The  difference  of  rise  between  spring 
and  neap  tides  varies  in  proportion  to  the  range  of  the  tides. 
Along  the  coasts  of  this  country  it  varies  from  about  9  feet  in  the 
Bristol  Channel,  and  7  feet  on  the  east  side  of  Liverpool  Bay,  to 
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about  2  feet  in  the  middle  of  the  English  Channel  near  Portland, 
and  2^  feet  at  the  upper  end.  Up  the  east  coast  it  varies  from 
\\  foot  off  Yarmouth  to  6  J  feet  in  Lynn  Deeps,  4  feet  off  Flam- 
borough,  and  2^  feet  on  the  east  coast  of  Scotland.  As  an  average 
it  may  be  'taken  that  the  rise  of  neap  tides  above  low  water  of 
spring  tides  is  75  per  cent,  of  that  of  a  spring  tide. 

New-moon  tides  are  about  ij^j  of  the  total  rise  higher  than 
full-moon  tides;  that  is  to  say,  if  the  rise  of  a  spring  tide  is 
21  feet,  the  new-moon  tide  will  be  0*3  feet  higher  than  that  due 
to  the  full  moon.  The  spring  tides  which  occur  when  the  moon 
is  in  perigee  are  also  higher,  the  following  springs  being  lower 
because  the  moon  is  then  in  apogee;  the  difference  in  height 
between  two  successive  sets  of  spring  tides  due  to  this  cause  is 
about  ^  of  the  total  rise. 

When  the  sun  is  vertically  over  the  equator  and  its  path 
coincides  with  it,  the  tide-producing  effect  is  at  a  maximum. 
At  these  periods,  which  occur  at  the  equinoxes  in  the  months  of 
March  and  September,  the  new  and  full  moon  has  also  most 
influence,  and  the  tides  produced  are  at  a  maximum. 

These  heights  are  still  further  increased  if  the  moon  is  in 
perigee  at  the  time  of  her  passing  the  meridian  at  the  equinoxes. 

In  June,  when  the  sun  is  furthest  from  the  equator,  the  rise 
of  the  tides  are  at  a  minimum. 

The  highest  tides  and  lowest  ebbs  from  normal  causes,  there- 
fore, occur  at  the  equinoxes  in  March  and  September,  and  the 
least  rise  and  fall  in  June.  The  June  tides  are  often  locally 
called  "Bird  tides,"  owing  to  the  nests  of  the  birds  on  the 
marshes  being  less  subject  to  be  covered  with  water  owing  to 
the  small  rise  of  the  tides  there. 

The  average  rise  above  low  water  of  spring  tides  on  the 
coasts  of  this  country  is  as  follows : — 


Spring  Tides. 

Neap  Tides. 

Differeaoe. 

Feet. 

Feet. 
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English  Channel 

...     H-50 
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8-33 
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...     2600 
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...     10-00 

7-45 

2-55 

Ireland,  west  coast  ... 

...    11-06 
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2^5 

Bootland,  west  coast ... 

...     1417 
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3-47 

Scotland,  east  coast ... 

...     13-27 

10-45 

2-82 

England,  north-east  coast 

...    1511 

11-69 

3-46 

England,  central  coast 

...    20-88 

15-91 

4-91 

England,  sonth-east  coast 

...      7-95 

6-40 

1-51 

»lean     ...     16*87  1247  3-88 
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The  k%%  of  the  Tide. — The  time  at  which  a  port  on  the  coast 
or  a  river  is  immediately  affected  by  the  tide  is  not  coincident 
with  its  generation  by  the  action  of  the  tide-producing  agents, 
but  is  so  miith  later  as  the  place  is  more  distajitly  removed  from 
the  source  of  origin. 

The  highest  spring  tides  in  any  fortnight  are  not,  therefore, 
coincident  with  the  time  at  which  new  or  full  moon  crosses  the 
meridian  of  that  part,  but  are  as  many  tides  after  as  the  tide  is 
old  when  arriving  there.  Thus  the  tide  which  reaches  the 
mouth  of  the  English  Channel  is  16|  hours  old,  and  the  tide 
which  reaches  the  mouth  of  the  Thames  is  1  \  days  old,  having 
taken  this  time  to  travel  from  the  source  of  its  generation. 

The  Establishment  of  a  Port. — The  tides  in  this  country  not 
being  directly  due  to  the  position  of  the  sun  and  moon,  but  only 
to  the  resultant  of  tides  caused  by  those  luminaries  in  a  distant 
sea,  the  effect  of  which  is  disturbed  by  causes  operating  during 
their  course,  and  varying  at  every  part  of  the  coast,  it  is  not 
possible  to  determine  by  theoretical  calculation  alone  the  time 
at  which  any  given  tide  will  arrive,  or  the  height  to  which  it 
will  rise  at  any  particular  port.  This  can  only  be  determined 
by  the  aid  of  local  observation.  Spite,  however,  of  all  complica- 
tions, the  fact  remains  that  there  are  two  high  and  two  low  tides 
every  day,  and  that  the  height  to  which  they  rise  and  fall  has 
a  certain  amount  of  regularity,  and  that  the  time  at  which  they 
occur  is  coincident  with  certain  phases  of  the  moon.  If,  therefore, 
local  observations  be  extended  over  a  sufficient  length  of  time  to 
enable  the  elimination  of  disturbances  caused  by  wind  or  the 
pressure  of  the  atmosphere,  it  becomes  practicable  to  establish 
an  agreement  with  the  time  and  height  as  deduced  by  calculation 
from  the  position  of  the  tide-producing  agents,  and  to  construct 
tide  tables,  giving  the  time  and  height  of  the  tides  for  any  port. 

The  time  at  which  it  is  high  water  at  a  port  is  of  far  more 
consequence  to  mariners  than  the  age  of  the  tide.  As  the  tide- 
wave  travels  along  a  coast,  the  time  of  high  water  at  the  successive 
ports  becomes  later  and  later  in  the  day.  Thus  if  it  be  high 
water  at  the  Scilly  Islands  at  4.30,  it  is  not  high  water  at  Dover 
till  11  hrs.  12  min.,  or  at  Holyhead  till  10  hrs.  11  min. 

The  time  of  high  water,  therefore,  rarely  coincides  with  the 
moon's  southing,  or  the  time  when  she  comes  on  the  meridian  of 
a  place,  but  follows  at  a  greater  or  less  interval. 

At   Loch   Long  and   Greenock,  also  at  Harwich,  and   the 
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Maplin  lighthouse  at  the  mouth  of  the  Thames,  high  water  at 
full  and  change  occurs  when  the  moon  is  on  the  meridian.  At 
Skye  it  is  6  hours  later,  and  at  the  Orkneys  9  hours.  In  Lynn 
Well  it  is  6  hours  after,  thus  being  low  water  here  when  the 
moon  crosses  the  meridian.  At  Yarmouth  it  is  9  hours  later ;  in 
the  English  Channel  at  the  Needles,  10  hours;  while  at  New- 
haven  the  moon  has  nearly  got  back  to  the  meridian  before 
high  water  has  reached  that  port.  This  variation  in  the  time 
of  high  water  is  expressed  in  terms  denoting  the  time  at  which 
high  water  occurs  at  the  particular  port  in  question  on  the  days 
of  new  or  full  moon,  or,  as  expressed  by  sailors,  high  water  at 
such  an  hour  at  full  and  change.  This  is  marked  on  charts  by 
the  letters  H.  W.  F.  &  C.  at  0  hrs,  0  min. 

This  interval  between  the  time  of  transit  of  the  moon  and 
the  time  of  high  water  at  full  and  change,  is  known  as  the 
"establishment"  of  the  port,  or  the  "vulgar  establishment," 
because  this  is  the  common  acceptation  of  the  meaning  of  the 
term  as  understood  by  mariners.  The  interval,  however,  varies 
during  a  lunation  with  the  relative  changes  in  the  position  of 
the  sun  and  moon  to  the  earth.  The  time  at  full  and  change 
being  "  established  "  by  local  observation,  the  time  of  all  the  tides 
can  be  calculated  from  it.  The  mean  of  all  the  intervals  during 
half  a  lunation  is  termed  the  ''  corrected  establishment."  These 
intervals  between  the  transit  of  the  moon,  at  other  times  than 
those  of  full  and  change,  and  the  time  of  high  water,  are  termed 
the  luni-tidal  intervals. 

The  correction  for  the  establishment  is  as  follows : — 

Moon's  transit  Correction 

after  tbe  sun.  in  minntea. 

1  —  90 

*  •••  •••  •••  ••■  mm\9 


2 
-A 
4 
5 
i\ 
7 
8 
9 
10 
11 


-SO 
-50 
-60 
-60 
-60 
-40 
-10 
+  10 
+  20 
+  10 


For  example,  if  at  Sunderland  high  water  occurs  at  full  and 
change  3  hrs.  22  min.  after  the  moon's  transit,  and  this  is  the 
vulgar  establishment  of  the  port.     Six  days  afterwards  the 
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moon's  transit  occurs  at  6  hrs.  31  min.  p.m. ;  then  the  establish- 
ment wants  correcting  by  deducting  60  minutes  and  giving  the 
luni-tidal  interval  as  2  hrs.  22  min.^  and  high  water  will  occur 
at  8  hrs.  53  min. 

Elver  Tides. — As  the  channel  through  which  the  tide  wave 
progresses  contracts  in  depth,  it  gradually  changes  its  character 
from  a  wave  to  a  tidal  current,  the  wave  action  being  merged 
into  that  of  the  current.  As  the  tide  proceeds  up  a  river  the 
inclination  of  the  ebb  current  is  gradually  reversed,  until  a 
nearly  horizontal  line  is  reached,  when  there  occurs  a  period  of 
slack  water,  after  which  the  inclination  is  again  reversed. 

The  gradient  of  the  ebb  current  is,  however,  in  some  cases  so 
great  that,  although  it  becomes  reduced  by  the  flowing  tide,  the 
level  still  remains  higher  than  the  level  of  high  water  of  the 
tide.  In  this  case,  although  there  is  a  swelling  of  the  water, 
the  current  is  not  reversed. 

In  any  river  where  there  is  an  ebb  current  there  will  always  be 
a  rise  of  the  water  before  the  flood  overpowers  the  ebb  and  causes 
an  upward  current.  The  rise  of  the  water  in  a  river  is  therefore 
due,  to  a  considerable  extent,  to  the  pounding  back  of  the  ebb 
water.  During  the  flowing  of  the  tide  the  fresh  water,  prevented 
from  flowing  down  the  river,  accumulates,  the  upper  part  of  the 
channel  acting  as  a  reservoir.  The  latter  part  of  the  ebb  is 
therefore  occupied  in  the  discharge  of  this  accumulated  fresh 
water,  and  not  in  the  return  of  tidal  water  brought  up  on 
the  flood.  To  this  cause  is  due  the  fact  that  the  ebb  in  rivers 
lasts  longer  than  the  flood,  and  has  a  greater  efiect  in  maintaining 
the  channel,  and  also  that,  although  there  is  a  considerable  rise 
of  tide,  the  water  does  not  necessarily  become  salt 

In  rivers  the  momentum  of  the  tidal  wave,  when  the  con- 
ditions are  favourable,  carries  the  tide  to  a  higher  level  in  the 
upper  reaches  than  at  the  mouth,  the  reflux  of  the  wave  also 
causing  the  low  water  to  be  lower  than  at  the  outfalL  Thus  in 
the  Thames  the  level  of  spring  tides  at  London,  which  is  46 
miles  from  the  mouth,  is  2  feet  6  inches  higher  than  at  Sheer- 
ness,  and  the  ebb  is  1  foot  4  inches  lower,  making  a  differ- 
ence of  range  of  3  feet  10  inches.  In  the  Humber  the  level 
of  high  water  of  spring  tides  at  Hull,  23  miles  from  the  sea,  is 
2  feet  higher,  and  low  water  is  13  inches  lower,  than  at  the  mouth 
at  Spurn  Point.  In  the  Scheldt,  which  has  a  tidal  run  of 
110  miles,  and  the  channel  of  which  is  favourably  formed  for 
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the  propagation  of  the  tidal  wave,  the  tidal  range  is  2  feet 
6  inches  greater  a  little  below  Antwerp  than  at  Flushing ;  part 
of  the  momentum  is  then  absorbed  in  passing  some  sharp  bends, 
so  that  the  range  falls  off  4  inches  at  Antwerp.  In  the  Mersey, 
where  the  wide  estuary  extending  above  Garston  is  suddenly 
contracted  at  Runcorn,  spring  tides  rise  there  1  foot  10  inches 
higher  than  at  Liverpool,  and  2  feet  3  inches  higher  at  Warring- 
ton. In  the  St  Lawrence  the  tide  rises  5  feet  at  the  mouth,  and 
14  feet  at  Quebec. 

The  fact  that  the  lowest  water  is  not  always  to  be  found  in 
the  sea,  but  at  a  point  some  distance  up  the  estuary  or  river,  is  one 
that  requires  attention  from  those  in  charge  of  drainage  works, 
as  the  extension  of  an  arterial  drain  to  an  outfall  on  the  coast 
may  not  only  result  in  a  loss  of  depression  of  the  low-water 
level,  owing  to  the  greater  distance  which  the  water  has  to  be 
taken,  but  also  to  the  fact  that  there  may  be  a  place  where  there 
is  a  lower  outfall. 

As  a  general  rule  the  spring  tides  ebb  out  in  rivers  much  lower 
than  the  neaps,  the  difference  being  in  proportion  to  the  rise  of  the 
springs ;  but  there  are  many  exceptions  to  this,  especially  when 
the  spring  tide  nse  is  great,  and  it  runs  up  with  great  velocity. 
In  this  case,  the  greater  quantity  of  water  poured  in  at  springs 
than  at  neaps  has  not  time  to  get  out  of  the  river  again  before  the 
next  tide  comes.  In  the  Severn,  the  Trent,  the  Hull,  and  the  Nene, 
the  low  water  runs  out  lower  at  neap  tides  than  at  springs. 

The  following  table  shows  the  variation  in  the  level  of  the 

tides  owing  to  local  causes,  the  heights  being  reduced  to  ordnance 

datum : — 

Lbyel  of  Hioh  akd  Low  Water  of  Sfbino  Tides  beduoed  to  Datum 

100  Feet  below  Obdnakcb  Datum. 


N«me  of  river. 


Thames 

Ditto 

Menej 

Btbble 

Sevem 

Clyde 

Tyne 

Humber 

Ditto 

WMh 

Wareney 


•  •  • 

•  ■  • 

•  •  • 

•  •  • 


PIttoe. 


London 

Sheerness 

Liverpool 

St.  AnDe*8 

Chepstow 

Port  Glasgow 

Tynemouth 

HnU 

Spurn  Point 

Boston 

Yarmouth 


High  water. 

Low  water. 

Ordinary  spring 

Extraordinary 

9217 

Udes. 
11210 

spring  tides. 

117  25 

98-50 

109-60 

112-50 

86-49 

11437 

119-08 

87-63 

118-63 

82-37 

12350 

129  74 

94-25 

104-50 

~ 

98-94 

107-94 

_ 

90-92 

11167- 

115-91 

9200 

— 

114-50 

91-21 

113-21 

117-55 

98-11 

104-11 

^~" 
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Bores. — When  the  tidal  wave  is  propagated  into  a  shallow 
river  where  there  is  not  room  for  its  development,  the  wave  will 
break  when  its  height  above  the  surface  of  the  water  becomes 
equal  to  the  depth  below  the  surface.  The  first  wave  being 
impeded  in  its  course  by  the  friction  on  the  bottom,  the  succeed- 
ing wave  overtakes  it,  and  the  tidal  wave  flows  up  the  channel 
with  a  vertical  crest  or  head. 

This  phenomenon,  which  is  well  known  in  some  English 
rivers,  m  two  or  three  rivers  in  France,  in  the  Amazon,  and  some 
of  the  Indian  and  Chinese  rivers,  is  known  in  this  country  by 
the  name  of  the  bore,  or  ceger,  the  latter  word  being  derived  from 
the  name  of  a  Saxon  river-god.  In  France  it  is  called  tfce 
maacaret,  and  was  known  by  the  Indians  as  the  pororoca. 

In  the  Severn  there  is  a  very  strongly  developed  bore. 
Admiral  Beechey,  in  his  report  made  to  the  Admiralty  in  1849, 
^ives  the  average  rate  of  the  progress  of  the  crest  of  the  tidal 
wave  as  increasing  from  3*6  miles  above  Portishead,  to  13-6  miles 
below  Gloucester.  In  high  spring  tides  it  comes  up  the  river 
with  a  crest  of  from  5  to  6  feet  at  the  sides,  and  3J  feet  in  the 
centre.  When  freshets  were  running,  the  rate  of  progress 
increased  from  4  to  10  miles  an  hour.  Another  account  states 
that,  with  an  ebb  current  running  at  the  rate  of  from  4  to  5  knots, 
the  bore,  without  any  warning,  came  up  the  river  in  two  waves 
of  from  6  to  8  feet  in  height,  and  travelled  at  the  rate  of  from 
6  to  7  knots. 

In  the  Trent  the  bore  is  slightly  developed  at  high  spring 
tides  at  Burton  Stather,  4  miles  above  its  junction  with  the 
Humber,  and  at  ordinary  springs  at  Keadby,  where  it  rises  3  feet 
almost  instanUy.  At  Gainsborough  it  attains  its  maximum 
height,  the  first  wave  of  the  flood  passing  up  the  river  there 
with  a  nearly  vertical  crest  of  from  5  to  6  feet  At  Torksey, 
the  crest  diminishes  to  about  a  foot,  and  it  gradually  dies  out 
above  this  place,  which  is  34  miles  from  the  Humber. 

There  is  also  a  small  bore  developed  on  the  Ouse,  above  the 
mouth  of  the  Trent,  but  it  does  not  assume  the  velocity  or  height 
of  that  on  the  Trent 

In  Solway  Firth,  the  firet  of  the  flood  of  spring  tides  runs  up 
with  a  bore  from  3  to  4  feet  high,  at  the  rate  of  from  8  to  10 
miles  an  hour. 

The  bore  disappears  from  rivers  which  are  artificially 
deepened,  and  where  the  tidal  wave  is  more  freely  propagated 
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by  improvements.  For  example,  on  the  Witham  the  foot  of  the 
wave  at  spring  tides  used  to  advance  up  the  river  with  a  crest 
of  a  foot  in  height,  its  progress  at  the  mouth  being  impeded  by 
having  to  make  its  way  through  a  shallow  channel  over  shifting 
sands.  When  a  new  cut  was  made,  by  which  the  sandbanks 
were  avoided  and  the  mouth  earned  to  comparatively  deep 
water,  the  bore  disappeared,  and  the  first  wave  came  up  the 
river  nearly  an  hour  sooner. 

On  the  Seine,  previous  to  the  erection  of  the  training-walls, 
the  depth  of  the  water  in  the  channel  below  La  Hode  was  not 
more  than  1*16  feet.  The  height  of  the  crest  of  the  bore,  as 
measured  on  a  fixed  gauge,  was  found  to  be  7*15  feet;  the  first 
wave  was  followed  by  five  or  six  secondary  waves,  having  inter- 
vals between  their  crests  of  from  5  to  7  feet.  At  2\  minutes  after 
the  arrival  of  the  bore  it  stood  at  5*50  feet  above  low  water ;  at 
11  minutes  later  the  northern  wave  arrived,  causing  an  elevation 
of  1'33  feet.  Above  Tancarville  the  bore  sometimes  attained  a 
height  of  10  feet,  and  travelled  at  a  velocity  of  12  miles  an  hour. 
After  the  completion  of  the  training-works  the  bore  again 
appeared,  owing  to  the  width  of  the  walls  being  too  contracted, 
the  first  wave  rushing  up  with  a  great  velocity,  and  having  a 
crest  of  5  J  feet,  reaching  in  high  spring  tides  to  11  feet.  In 
1871,  H.M.  gunboat  Pheasant,  while  at  anchor  off  Quilleboeuf, 
was  riding  to  the  ebb,  which  was  running  at  the  rate  of  from 
4  to  5  knots,  when  the  bore,  without  any  previous  warning,  came 
up  the  river  in  two  waves  of  from  6  to  8  feet  high,  travelling  at 
the  rate  of  from  6  to  7  knots.  The  strain  on  the  vessel  was  so 
great  that  the  cable  was  broken,  and  she  broke  adrift,  but,  having 
steam  up,  was  got  under  control. 

In  the  upper  part  of  the  Garonne,  and  in  the  Dordogne  and 
Gironde,  the  spring  tides  advance  on  the  first  of  the  flood  with 
a  considerable  head  at  the  rate  of  from  10  to  15  miles  an  hour. 

Bores  are  to  be  found  in  the  Ganges,  Brahma  Pootra,  and 
Indus.  In  the  Hooghly,  a  branch  of  the  Ganges,  the  tide  is  said 
to  travel  70  miles  in  four  hours,  and  to  advance  with  a  wall  5  feet 
high  past  Calcutta. 

In  the  Bay  of  Fundy,  from  Grand  Manan  to  Cape  Chicnecto, 
the  tidal  current  runs  at  the  rate  of  10  miles  an  hour.  In  the 
Macan  river,  which  empties  into  the  Cumberland  basin,  the  bore 
advances  up  the  stream  at  a  rate  which  within  five  minutes 
raises  the  level  of  the  water  15  feet. 
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In  the  Amazon,  at  the  equinoxes  during  three  days,  bores  of 
from  12  to  15  feet  in  height  rush  up  the  river  and  along  the 
course  of  the  stream  for  200  miles  from  its  mouth,  no  less  than 
eight  tide  waves  simultaneously  advancing.  As  many  as  five 
bores  are  sometimes  at  once  in  progress  (Herschell).  The  tide  is 
felt  in  this  river  at  Obydos,  400  miles  from  the  mouth,  and  380 
miles  up  the  Tapagos,  one  of  the  tributaries,  where  there  is  a 
rise  and  fall  of  3  inches  900  miles  from  the  Atlantic. 

The  most  remarkable  example  of  a  bore  is  to  be  found  in 
China,  in  the  river  Tsien-tang-Kiang,  an  account  of  which  is 
given  in  the  paper  by  Captain  W.  V.  Moore,  R.N.,  in  vol.  99, 
Min.  Ptoc.  Inst  G.E.  The  range  of  tide  in  the  gulf  is  12  feet, 
at  the  head  of  the  estuary  25  feet,  rising  to  34  feet  at  extreme 
spring  tides.  The  navigable  width  of  the  estuary  at  the  head  is 
only  one-sixth  that  at  the  mouth.  The  low-water  width  of  the 
river  is  about  a  mile.  In  the  first  hour  the  tide  rises  from  10  to 
12  feet.  There  are  two  branches  of  the  bore,  which  join  4 
miles  outside  the  river ;  when  these  two  branches  join,  there  is  a 
diflerence  of  level  of  19  feet  between  the  water  outside  the  bar 
and  that  in  the  mouth  of  the  river  in  a  distance  of  20  miles. 
Thus  the  flood  enters  with  a  gradient  of  one  foot  in  a  mile,  and 
at  a  speed  of  14'6  miles  an  hour.  The  bore  is  over  a  mile  wide, 
and  has  a  crest  8  to  12  feet  high,  rising  on  itself  or  river  in  front 
at  an  angle  of  from  40  to  70  degrees.  The  noise  caused  by  its 
approach  can  be  heard  at  a  distance  of  from  14  to  15  miles,  and 
an  hour  and  a  half  before  its  arrival.  It  maintains  its  breadth, 
height,  and  speed  for  12  or  15  miles  above  the  mouth  of  the 
Tsien-tang.  At  Hang  Chan,  24  miles  from  the  mouth,  the 
height  of  the  tide  decreases  to  6  feet,  and  bore  to  5  feet.  On  rare 
occasions  it  reaches  as  far  as  30  miles  above  the  city. 

Velocity  of  the  Tidal  Wave  in  Elvers.— In  shallow  rivers  the 
tidal  wave  develops  a  current,  the  particles  of  water  being 
actually  moved  forward  along  the  channel,  and  carrying  any 
floating  object  with  them  at  the  same  rate  at  which  the  current 
moves,  until  the  cessation  of  the  tide.  In  deeper  water  the 
action  is  compound,  the  tidal  wave  making  itself  felt  at  the 
different  places  along  the  river  at  a  rate  of  from  10  to  20  miles 
in  the  hour,  whereas  the  tidal  current  which  follows  it  may  not 
travel  faster  than  from  2  to  3  miles  an  hour.  There  are  so 
many  disturbing  causes  in  rivers  that  the  law  relating  to  the 
propagation  of  the  tidal  wave  in  the  ocean  can  not  always  be 


THE   TIDES.  109 

applied,  especially  where  the  low-water  depth  is  shoal.  Thus  on 
the  Severn  above  Portishead,  where  the  low-water  depth  is  very 
shallow,  the  foot  of  the  tide  or  the  first  wave  proceeds  at  the 
rate  of  over  21  miles  an  hour,  decreasing  to  9  feet  where  the 
water  is  deeper,  this  rate  being  greater  than  in  the  Clyde,  where 
the  low- water  depth  is  six  times  as  great.  In  the  Seine,  the  rate 
of  propagation  in  some  parts  of  the  river  is  upwards  of  26  miles 
an  hour,  the  average  rate  between  Havre  and  Martot  at  the  end 
of  the  tide  being  about  17  miles  an  hour ;  the  rate  of  the  head 
of  the  tide,  or  the  difference  in  time  of  high  water  between 
Havre  and  Martot,  being  at  the  rate  of  25  miles  an  hour.  In  the 
Thames,  the  rate  of  the  foot  of  the  tide  varies  from  34  miles  an 
hour  in  the  lower  reach,  where  the  low-water  depth  is  35  feet,  to 
13  miles  an  hour  in  the  upper  reach,  where  the  average  depth  is 
15  feet ;  the  head  of  the  tide  advancing  in  some  parts  at  the  rate 
of  43  miles  an  hour,  and  at  an  average  rate  between  Southend  and 
London  Bridge  of  27  miles  an  hour.  On  the  Clyde,  the  advance 
of  the  foot  of  the  wave  varies  from  6  to  9  miles  an  hour  in  the 
different  reaches  of  the  river,  the  average  rate  between  Port 
Glasgow  and  Glasgow  is  10  miles  an  hour,  the  depth  varying 
from  17  to  20  feet ;  the  average  rate  of  the  head  of  the  tide 
being  29  miles  an  hour. 

An  investigation  of  the  tidal  conditions  of  a  great  number  of 
rivers  shows  that  no  universal  law  can  be  laid  down  for  the  rate 
of  propagation.  As  a  general  average  it  may  be  taken  that  the 
rate  for  the  foot  of  the  tide  is  about  one  mile  per  hour  for  each 
foot  of  depth,  with  a  current  of  from  2  to  3  miles  an  hour.  The 
rate  of  propagation  of  the  head  of  the  tide  approaches  more 
nearly  the  law  that  the  rate  is  in  proportion  to  the  square  root 
of  the  depth,  an  average  depth  in  several  rivers  giving  a  rate 
of  propagation  of  21  miles  an  hour,  which  is  nearly  the  same 
proportion  as  in  the  sea  surrounding  these  coasts.  The  follow- 
ing examples  from  a  few  characteristic  rivers  will  show  the 
irregularity  which  prevails  in  the  rate  of  propagation : — 


no 
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The  Cayda.    Mr.  J.  Deas.     April,  1872. 


Port  Glasgow    ... 

Garmoyle 

Dumbuok 

Bowling 

Dalmair 

Renfrew 

Glasgow  harbour 


Miles. 


000 
3-68 
200 
2-43 
2-56 
2-56 
4-31 


Average  depth     Rate  of  propaftation  of 
in  feet.  tidal  wave  tn  miles 

per  hour. 


L.W.      H  W. 


20 
20 
18 
18 
17 
17 


31 
31 
29 
29 
28 
26 


Foot. 

He«l. 

8*80 

11-00 

1.500 

24  00 

7-29 

72-90 

614 

7-11 

1000 

30-00 

12-93 

25-86 

The  Thames. 


Sheemess 
Elrith      ... 

Deptford 

London  Brldgi* .... 
Teddingtou 


0-00 

— 

— 

— 

27-96 

30 

48 

34 

12-53 

15 

34 

30 

2303 

10 
5 

^\ 

13* 

36 
SO 
30 


The  Mersey.     Mr.  J.  M.  RendelL    June,  1844. 


Formby  Point  ... 

New  Brighton  ... 

Liverpool 

EUesmerePort... 

Runoorn... 

Fidler's  Ferry  ... 

Warrington 


00 

.— 

^ 

80 

36 

62 

9-38 

20 

48 

75 

19-53 

9-0 

9 

— 

877 

6-59) 

— 

7-81 

4-97  > 

2} 

— 

8-67 

5-19^  1 

4-97 

23-44 
11-72 
26-37 
27-90 
12-03 
7-60 


The  flood  current  between  Liverpool  and  EUesmere  runs  at 
the  rate  of  373  miles  an  hour. 


The  Tyne.     Mr.  J.  M.  RendeR    May,  1850. 


Average  depth 

Bate  of  propagation  of 
tidal  wave  Tn  miles 

• 

per  hour. 

Miles. 

L.W. 

ttW. 

Foot.           Head. 

Tynemouth       

000 

ri^a^ 

_ 

Prior's  Stone     

0-50 

11 

25 

«^ 

2-00 

Ballast  Office    ...        —        

0-74 

5 

19 

285 

2-85 

Howden ... 

2-50 

4 

18 

4-88 

9-76 

Bill  Point         

3-85 

3 

15 

3-71 

8-90 

Newcastle         

2-95 

3 

15 

5-76 

8-64 

Elswiok 

2-42 

2 

11     1 

8-67 

9-47 

SteUa     

8-68\ 
1-38/ 

1 

9 

3-36 

Newbnm           

1-11 

5-57 

Tynemoath  to  N  e wburn         

17-92 

— 

— 

2-91 

8-75 
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Ill 


The  Sevem.    Admiral  Beechey.    1849. 


Average  depth 
iQfeet 

Rate  of  propagation  of 

tidal  wave  in  miles 

per  iionr. 

Miles. 

L.W. 

H.W. 

Foot.           Head. 

Linndy  Island 

0  00 

_^_ 

,  1,  ,^ 

- 

Cardin 

7000 

80 

117 

— 

600 

Portishead         

1600 

70 

110 

570 

Chepstow          

1000 

50 

80 

— 

350 

SfaarpDess         

12-52 

8 

36 

17-74 

1812 

Newnham         

7-54\ 
•4-70/ 

3 

10 

(2167 
\2108 

Fzamilode         

Boaemary          

400 

10 

20 

9-67 

21-86 

Stonebeach        

4-48 

11 

18 

11-73 

___ 

How  Bridge      

7-58 

5 

10 

9-67 

8-47 

Hythe  Bridge 

5-27 

6 

9 

8-08 

8-42 

Upton  Bridge 

5-64 

5 

10 

11-74 

18-80 

Pixham 

6-45 

7 

9 

EMglis     

317 

7 

9 

— 

The  flood  current  ran  at  the  rate  of  4*46  miles  an  hour  at 
Newnham  and  Stonebeach.  The  bore  advanced  at  the  rate  of 
from  6  to  13  miles  an  hour.  The  conditions  of  the  river  have 
been  altered  since  these  observations  were  taken^  and  the  tide 
has  been  excluded  from  the  upper  part  of  the  river. 

The  Tare.    Yarmouth.     Spring  tides. 


Yannonth  Pier... 
Yarmonth  Bridge 
Burgh  Flats     ... 
St  OlaTes 
Bargh  St.  Peter 
ceocies  ...         ... 


Average  depth  '  Bate  of  propagation  of 
in  feet  tidal  wave  u  miles 

I      per  hour. 


L,W.  ,    H.W. 


Foot. 


Head. 


5-24 
2-60 
4-93 
5-56 
6  72 

4-72 


2-62 
390 
49JJ 
1112 
672 

5-27 


The  0x186  (Norfolk).     W.  H.  Wheeler.    Oct.  1883. 


Lynn  Dock 
St  Germain's    . 
Magdalen  Bend 
Xar  Bank 
Denver  Sluice  . 


'      00 

_^ 

__ 

35 

11    ! 

4-0 

8 

1 

1-5 

6 

50 
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The  Tees.     Mr.  John  Fowler.      1885.    Average  of  13  tides. 
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The  Humber.     Report  British  Association  and  Tide  Tables,  1864. 
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Tidal  Prediotioiis. — ^The  calculations  required  to  determine  the 
daily  time  and  height  of  the  tides  are  exceedingly  complicated, 
and  involve  the  working  out  of  an  immense  number  of  equa- 
tions, from  twenty  to  thirty  constituents  having  to  be  dealt 
with.  This  duty  is  undertaken  in  this  country  by  the  Admiralty, 
and  Tide  Tables  are  annually  issued  by  the  department,  giving 
the  diurnal  time  and  height  of  the  tide  at  twenty-four  repre- 
sentative ports  round  the  coast  of  the  British  Isles,  with  con- 
stants by  the  aid  of  which  the  time  and  height  can  be  found 
for  almost  every  known  port  in  the  world. 

For  the  purpose  of  saving  human  labour,  a  tide-predicting 
machine  has  been  invented  by  Sir  W.  Thompson.  The  object 
of  this  machine  is  to  predict  the  times  and  heights  of  the  tides 
for  a  year  for  any  port  for  which  the  materials  are  available 
from  local  observation.  The  records  obtained  by  a  tide-gauge 
are  reduced  to  their  constituents  by  harmonic  analysis,  by  means 
of  a  machine  also  designed  by  Sir  W.  Thompson.  For  each 
tidal  constituent  the  machine  has  a  shaft  with  an  overhanging 
crank,  which  carries  a  pulley  pivoted  on  a  parallel  axis  adjust- 
able to  a  greater  or  less  distance  from  the  shaft's  axis  according 
to  the  range  of  the  tidal  constituents  for  different  ports,    A  wire 
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or  chain  passes  over  or  under  all  the  pulleys,  carrying  a  weight  at 
one  end,  with  a  pencil  attached  which  makes  the  curve  on  a  band 
of  paper.     This  machine  can  work  off  the  whole  of  the  tides  of  a 
port  in  about  four  hours.    A  description  and  illustration  of  these 
machines  will  be  found  in  the  Min.  Proc.  Inst  C.  E.,  vol.  Ixv. 
The  Tides,"  by  Whewel  and  Lubbock,  PhU.  Trans.  1833 ; 
Tides  and  Waves,"  Prof.  Airy,  "  Encyclopaedia  Metropolitana ; " 
Tides    in  Robison's  ''Mechanical   Philosophy,"  vol.   iii.  1822; 
"Observations  on  the  Tides   of  the  Irish  Sea  and  upon  the 
Similarity  of  Tidal   Phenomenon    in    the  Irish    and  English 
Channels,"  by  Ad.  Beechey,  PhU.  Trans.,  1847;  "6tude  sur  les 
mouvement   des   Maries  dans  la  partie  maritime  des  fleuves 
par  M.  L.  Partiot"  (Paris,  1861);  Tide  Tables  of  the  British 
and  Irish   Ports,  computed  by   Capt.  Harris,   R.N.,  published 
yearly  by  order  of  the  Lords  Commissioners  of  the  Admiralty ; 
"  Annuaire  des  Mare^s  des  c6tes  de  France,"  published  annually 
in   France   by  the   Service   Hydrographique ;    "  Tides   in  the 
Pacific,  and  on  Diurnal  Inequality,"  by  Whewel  (Royal  Society, 
1847)  ;  "  The  Effect  of  the  Pressure  of  the  Atmosphere  on  the 
Mean  Level  of  the  Ocean,"  by  Sir  J.  C.  Ross,  RN,,  PhU.  Trans., 
1854;    "Tides  in  the  English  Channel  and  North  Sea,"  by 
Capt.  Beechey,  PhU.  Trans,,  1857;  "Tides  in  the  Arctic  Seas," 
by  Rev.   S.   Houghton,   PhU.   Trans.,  1863-1866;    articles  on 
tides  and  waves  by  Prof.  Airy,  "  Encydopsedia  Metropolitana ;  " 
article  on  tides  by  Darwin  in  "Encyclopaedia  Britannica,"  1886 ; 
British  Association  Report  on  waves,  1837;   "On  the  Pheno- 
menon of  Stationary  Tides  in  the  English  Channel,"  1877 ;  Report 
of  the  Committee  appointed  for  promoting  the  extension,  im- 
provement, and  harmonic  analysis  of  tidal  observations,  1868 ; 
"On  Instructions  for  the  Practical  Working  of  Tidal  Observations, 
and  on  Harmonic  Analysis  of  Tidal  Observations,"  1886 ;  "  Tidal 
Observations  in  the  Humber,  Ouse,  and  Trent,"  1864 ;  "  On  Tidal 
Observation,"  1868,  1870,  1871,  1872,  1876 ;  "  On  Tides  in  the 
Mersey,"  1875 ;    "  Notice  of  Tidal  Observations,"  by  Admiral 
Fltzroy,  1861,  Proc.  Inst.  C.E.;  "Harmonic  Analysis  and  Tidal 
Predictor,"  by  Sir  W.  Thompson,  vol  Ixx.;  "An  Elementary 
treatise  on  the  Tides,"  by  J.  Pearson  (London,  J.  D.  Potter: 
1881) ;  "  Manual  of  Tides  and  Tidal  Currents,"  by  S.  A.  Houghton 
(London,  Cassell  and  Co.);   "The  Tides,"  Christian  Knowledge 
Society,  London,  1857  (out  of  print) ;  "  Time  and  Tide,"  by  Sir 
R.  A.  Ball,  Christian  Knowledge  Society. 


CHAPTER  VI. 

THE  PHYSICAL  CONDITIONS  OF  TipAL  BIVERS. 

RlYEKS  may  be  divided  into  three  parts — 

1.  The  fresh  water  or  non-tidal  pprtion. 

2.  The  part  within  the  coast-line  confined  within  limited 
boundaries,  through  which  the  tide  ebbs  and  flowa 

3.  The  estuary,  or  the  part  where  ^tb^^coaet^Kne  opens  out, 
leaving  a  wide  mouth  or  bay. 

Origin  and  Desoription  of  Sivers. — Rivers  in  their  original 
condition  were  formed  by  the  flow  of  the  water  off  the  land  to 
the  ocean,  the  development  of  their  present  shape  and  direction 
being  due  to  the  work  of  ages.  In  this  part  of  the  world  they 
probably  received  their  main  characteristics  after  the  breaking 
up  of  the  Glacial  Period,  when  the  torrents  due  to  the  melting 
of  vast  masses  of  glaciers  and  icebergs,  pouring  off  the  land  and 
flowing  to  the  sea,  cut  deep  channels  and  conveyed  the  material 
eroded  in  their  course  with  them. 

The  vast  areas  of  sand  which  are  to  be  found  in  many 
estuaries  are  the  result  of  this  process.  In  the  early  condition 
of  the  river,  the  gradient  and  the  velocity  of  the  water  would  be 
much  greater  than  they  are  now.  The  remains  of  river  terraces 
in  many  valleys  testify  to  the  magnitude  of  the  streams  which 
then  poured  off  the  land.  Gradually  the  forces  of  the  erosive 
action  of  the  water  and  the  resistance  of  the  soil  balanced  one 
another,  and  the  struggle  also  between  the  tidal  water  and  the 
ebb  torrents  resulted  in  an  equilibrium  being  established  between 
the  contending  forces,  and  the  regime  of  the  rivers  as  they  now 
exist  became  established. 

There  are  two  sources  from  which^  the  water  flowing  in  a 
river  is  derived,  distinguished  respectively  as  tidal  and  fresh 
water. 
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The  tidal  water  enters  at  the  lower  end,  and  is  derived  from 
the  tidal  wave  of  the  ocean,  which,  as  its  crest  passes  the  mouth 
of  the  river  or  its  estuary,  raises  the  level  of  the  water  during 
a  period  of  a  little  over  six  hours,  filling  the  tidal  basin  and 
causing  a  run  of  water  up  the  river ;  during  a  similar  period, 
as  the  trough  of  the  tidal  wave  passes  the  estuary,  the  process  is 
reversed.  The  supply  of  tidal  water  is  thus  constant,  the  same 
quantity  passing  out  of  the  estuary  on  the  ebb  as  entered  during 
the  flood. 

The  tidal  motion  continues  as  a  wave  so  long  as  the  depth 
of  water  in  the  low-water  channel  is  sufiicient  for  its  generation, 
but  is  converted  into  a  current  as  the  depth  shoals. 

This  supply  of  tidal  water  from  the  sea  has  enabled  many 
rivers  to  be  used  for  navigation  which  otherwise  would  not  have 
had  the  necessary  depth  of  water. 

The  water  poured  in  at  the  upper  end  of  a  river  also  comes 
from  the  sea,  but  by  a  different  process.  This  is  due  to  the 
evaporation  caused  by  the  sun,  the  vapour  formed  being  col- 
lected into  clouds,  condensed  again,  and  in  the  form  of  rain 
falling  on  the  land,  and  is  then  collected  into  the  brooks  and 
rivulets  which  feed  the  rivers. 

The  supply  of  fresh  water,  therefore,  is  limited,  variable,  and 
intermittent.  This  fresh  water  only  travels  in  one  direction. 
Obeying  the  law  of  gravity,  it  ever  continues  a  constantly  down- 
ward course,  except  during  the  time  it  is  headed  back  by  the 
tide,  until  it  reaches  the  lowest  point  attainable — that  is,  the 
trough  of  the  tidal  wave. 

In  the  middle  zone  of  the  river,  between  the  purely  tidal  and 
the  fresh  water,  the  currents  assume  the  oscillating  motion  due 
to  tidal  influence.  The  current  alternately  flows  both  ways, 
being  driven  back  and  raised  up  during  the  flood  tide,  and 
running  down  and  its  level  depressed  during  the  ebb.  Under 
certain  conditions,  the  action  due  to  the  tide  may  be  simply  a 
raising  of  the  level  without  a  reversal  of  the  current. 

Salt  and  Fresh  Water. — The  waters  coming  from  these  two 
sources  vary  in  their  character.  That  which  is  supplied  from 
the  sea  is  of  greater  specific  gravity,  and  contains  a  larger  amoimt 
of  salts  in  solution,  than  that  which  comes  from  the  land. 

Pure  fr'esh  river-water,  at  a  temperature  of  60^,  has  a  specific 
gravity  of  1*00,  and  contains  about  3*16  grains  of  salt  in  a  cubic 
foot  of  water.    Sea-water  on  an  average  has  a  specific  gravity 
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of  1026,  and  contains  about  from  6230  to  6853  grains,  or  nearly 
1  lb.,  of  salt  in  a  cubic  foot 

In  the  Dead  Sea  the  quantity  amounts  to  34,738  grains,  or 
nearly  5  lbs.,  in  a  cubic  foot.  In  the  Baltic,  where  there  is  a 
very  large  proportion  of  fresh  and  very  little  tidal  water,  the 
specific  gravity  is  1*005;  in  the  Mediterranean  the  specific 
gravity  is  1*029. 

The  greater  density  of  sea- water  prevents  its  rapid  mixture 
with  the  fresh  water  in  a  river,  and  frequently  two  dbtinct 
columns  of  fiowing  water  can  be  traced  in  the  same  stream. 
Fresh  water  rises  on  salt  water,  and  fiows  on  the  top  of  it  some- 
thing in  the  same  manner  as  oiL  Thus,  in  the  Gulf  of  Mexico, 
the  water  froHi  the  Mississippi  may  be  traced  in  a  column  7  feet 
deep  on  the  surface,  extending  out  from  the  shore,  and  slowly 
mixing  with  the  salt  water  as  the  column  is  spread  over  a  wider 
area  and  is  agitated  and  broken  by  the  wind.  Beneath  the 
fresh  water  there  is  a  current  of  salt  water  setting  into  the  river, 
while  the  fresh  water  on  the  surface  is  flowing  out  At  the 
mouth  of  the  Rhone  the  river-water  spreads  out  on  the  surface 
of  the  sea,  the  density  of  which  is  1*027,  in  a  layer  which  some- 
times extends  for  10  miles  from  the  mouth.  This  layer  of  fresh 
water  is  so  thin  that  the  wash  of  a  vessel  suffices  to  bring  the 
salt  water  to  the  surface. 

The  varying  density  of  salt  and  fresh  water  affects  the 
flotation  of  immersed  substances.  Stones  and  pebbles  are  more 
easily  moved  in  sea-water,  and  vessels  have  a  greater  draft  in 
the  fresh  water  of  a  river  than  in  the  sea. 

The  proportion  of  tidal  to  fresh  water  varies  considerably  in 
different  rivers. 

In  the  Thames,  the  volume  of  tidal  water  in  the  river  from 
Sheemess  to  Teddington  was  given  by  Mr.  Mansergh  at  the 
Metropolitan  Sewage  Inquiry  as  752  millions  of  cubic  yards ; 
the  fresh-water  flow  as  2^  millions,  the  tidal  being  about  331 
times  greater  than  the  fresh.  In  the  Humber  the  tidal  water 
is  250  times  as  great  In  the  Mersey  the  volume  of  tidal  water 
is  284  times  greater  than  the  fresh.  In  Cromarty  Firth  the  flow 
of  the  spring  tides  is  stated  by  Mr.  Stevenson  to  be  1541  times 
greater  than  the  fresh  water  in  summer. 

Agents  of  Maintenanoe. -^  There  are  two  principal  agents 
always  at  work  in  tidal  rivers,  one  tending  to  shoal  and 
deteriorate  the  channel,  the  other  to  maintain  and  deepen  it 
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The  agencies  which  tend  to  shoal  the  channel  are  the  transr 
porting  power  of  the  fresh  water,  which  brings  detritus  down 
from  the  upper  reaches ;  the  winds  and  waves,  which  erode  the 
cliffs  and  banks ;  and  the  currents  which  disturb  the  sand-beds 
in  the  estuary.  The  material  thus  brought  into  the  channel, 
if  left  at  rest,  rapidly  subsides  in  the  lower  part  and  raises 
its  bed. 

The  continual  oscillation  of  the  water  due  to  the  tides  is  the 
chief  agent  which  keeps  the  detritus  in  motion  and  prevents  its 
deposit  The  current  of  the  fresh  water,  always  flowing  in 
one  direction,  is  the  chief  agent  of  transport  which  carries  the 
material  away  out  of  the  channel  to  the  sea.  Its  capacity  to 
transport  the  solid  matter  continues  in  a  diminishing  ratio  until 
the  termination  of  its  course.  As  it  approaches  the  tidal  portion 
of  the  channel,  the  conditions  of  flow  becoI^e  so  altered  that  the 
tendency  to  deposit  is  greater  than  the  transporting  force. 

In  a  tidal  river  this  solid  matter  is  kept  in  movement  by  the 
oscillating  action  of  the  tides,  until  it  is  finally  carried  out  to 
sea  or  deposited  on  the  shores  of  the  estuary,  where  it  settles 
and  forms  the  salt  marshes  to  be  found  on  the  coast. 

In  non-tidal  rivers,  as  the  current  slackens  on  approaching 
the  sea,  the  material  settles  at  its  mouth  and  forms  deltas. 

The  ever-continuous  motion  of  the  water  in  tidal  rivers,  and 
the  constant  reversal  of  the  direction  of  flow,  therefore,  gives 
these  rivers  a  great  advantage  over  tideless  rivers,  in  which  the 
current  of  the  stream  is  always  in  one  direction. 

Sjgime  of  Sivers. — Under  natural  conditions,  the  forces  at 
work  in  a  tidal  river  adjust  themselves  so  as  to  establish  an 
equilibrium  between  the  eroding  agency  of  the  current  and  the 
tenacity  of  the  soil  of  which  the  bed  and  banks  are  formed,  and 
the  slope  becomes  so  regulated  that  the  velocity  is  sufficient  for 
the  transport  of  the  detritus. 

When  unconfined  by  banks,  the  direction  also  of  the  low- water 
channels  through  beds  of  sand  and  silt  is  the  result  of  a  balance 
of  forces  set  up  by  gales,  currents,  floods,  and  other  disturbing 
causes.  A  comparison  of  the  charts  of  a  sandy  estuary  extending 
over  several  years  will  show  that,  although  at  times  the  course 
of  the  channels  may  be  altered  by  the  prevalence  of  gales  from 
one  direction,  of  continued  land-floods,  or  of  long  periods  of  dry 
weather,  giving  undue  influence  either  to  the  tidal  or  fresh- 
water agency,  yet  there  is  one  courae,  of  a  more  or  less  stable 
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character,  to  which  the  low-water  channel  always  reverts  under 
normal  conditions. 

Jnnetion  of  Sivers  with  the  Sea. — The  angle  or  direction  in 
which  a  river  joins  the  sea  is  affected  by  the  shape  of  the 
adjoining  coast,  the  set  of  the  tide,  the  direction  and  force  of 
on-shore  gales,  and  the  travel  of  littoral  drift. 

An  examination  of  the  charts  of  the  coasts  of  this  country 
will  show  that  in  the  great  majority  of  cases  the  line  of  direction 
of  the  main  low- water  stream  where  it  enters  the  sea  is  nearly 
at  right  angles  to  the  main  set  of  the  tidal  stream  along  the 
coast,  or  inclining  rather  in  the  direction  of  the  set  of  the  tidal 
ebb  and  flow.  In  some  instances,  as  in  the  Thames,  the  low- 
water  channel  curves  in  the  direction  to  meet  the  set  of  the 
flood  tide,  and  the  same  is,  to  a  smaller  extent,  that  of  the  Wash. 
The  Humber,  on  the  other  hand,  enters  the  North  Sea  at  an 
angle  of  about  forty-five  degrees  away  from  the  direction  of  the 
flood  tide.  In  the  Ribble  and  the  Mersey,  the  low-water  channels 
passing  through  the  sands  generally  trend  in  the  direction  of  the 
tidal  currents.  In  several  cases,  as  in  the  Bristol  Channel,  the 
direction  is  directly  in  line  with  the  set  of  the  flood  current. 
Many  outfalls  will  be  found  to  face  the  dii*ection  from  which 
the  heaviest  on-shore  gales  come. 

Source  of  Detritus  in  Sivers. — Although  there  may  be  excep- 
tions, the  material  which  a  river  has  to  deal  with  is  supplied 
from  the  interior,  and  not  from  the  sea.  This  may  be  proved 
by  an  examination  of  the  material  in  suspension,  or  of  the  water 
coming  in  with  the  tide  from  the  sea.  Even  where  the  tide 
flows  over  a  vast  mass  of  sands,  such  as  those  which  lie  along 
the  coast  outside  the  mouth  of  the  river  Mersey  and  the  Ribble, 
or  of  the  Humber  and  the  Severn,  it  will  be  found  that  the 
tidal  water  flows  into  those  estuaries  bright  and  clear,  and  free 
from  deposit,  except  in  stormy  weather,  and  that  it  only  becomes 
turbid  after  it  has  mixed  with  the  ebb.  That  a  contrary  view 
to  this  prevails  is  shown  by  the  fact  that  Sir  John  Rennie,  in 
his  scheme  for  the  reclamation  of  lands  in  the  Wash,  on  the 
East  Coast,  calculated  on  the  deposit  of  the  material  brought 
from  the  North  Sea  into  the  Wash  in  suspension.  As  a  matter 
of  fact,  except  in  stormy  weather,  the  water  passes  up  Boston 
and  Lynn  Deeps  bright  and  clear,  free  from  any  matter  in 
suspension,  and  in  stormy  weather  the  sand  which  is  stirred 
up  is  only  rolled  a  short  distance  into  the  channel. 
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In  the  Severn,  above  the  juncture  of  the  Avon,  the  water  in 
the  river  is  very  muddy,  being  largely  charged  with  alluvial 
matter.  The  zone  where  the  proportion  of  solid  matter  to  water 
is  greatest  varies  with  the  amount  of  freshets  coming  down. 
Below  the  Avon  the  channel  gradually  becomes  less  muddy,  until 
off  Swansea  it  is  quite  bright  and  clear. 

The  Ouse  and  the  Trent  are  more  fully  charged  with  detritus 
than  any  river  in  this  country.  As  in  the  Severn,  the  zone 
where  the  proportion  of  detritus  is  greatest  varies  with  the 
quantity  of  fresh  water  coming  down,  but  is  always  greater  in 
these  rivers  than  in  the  Humber,  into  which  they  flow.  Samples 
of  water  taken  by  the  author  in  these  rivers  and  the  Humber  at 
the  same  time  showed  the  following  results.  In  the  Trent  below 
Gainsborough  there  were  26187  grains  of  solid  matter  in  a  cubic 
foot  of  water ;  six  miles  above  Trent  Falls,  where  it  joins  the 
Humber,  there  were  3150  grains  on  the  first  of  flood,  the  water 
itself  being  excessively  turbid.  In  the  Humber,  at  Spurn 
Point,  during  the  flood  tide,  there  were  only  135  grains,  consist- 
ing entirely  of  clean  particles  of  sand,  the  water  itself  being 
bright  and  dear,  showing  that  the  material  in  the  Trent  could 
not  have  come  from  the  sea. 

It  has  frequently  been  stated  that  the  material  derived  from 
the  degradation  of  the  clay  clifls  along  the  coast  to  the  north  of 
the  Humber  is  carried  by  the  tide  into  that  river,  and  is  the 
cause  of  the  large  amount  of  alluvium  to  be  found  in  suspension 
in  the  water.  There  is,  however,  no  evidence  of  the  water 
entering  the  Humber  being  discoloured  by  this  alluvium,  as 
would  be  the  case  were  it  carried  into  the  river  by  the  tide. 
The  material  of  which  these  clifls  are  composed  is  clay  and 
boulders,  the  former  of  which  soon  becomes  disintegrated  and 
broken  up  into  particles  sufficiently  minute  to  be  moved  about 
in  suspension  in  the  water  so  long  as  it  is  in  motion.  By  the 
constant  oscillation  of  the  tides,  these  particles  become  diffused 
throughout  a  very  large  area  of  water,  which  gradually  extends 
with  each  oscillation  of  the  tide.  Part  of  it  also  settles  down  to 
the  bottom  of  the  sea  in  calm  weather  at  the  slack  of  high  and 
low  water.  Taking  the  volume  of  water  in  motion  at  the 
entrance  to  the  Humber  during  the  inflow  of  the  tide  and  the 
quantity  of  material  eroded  from  the  cliffs,  and  supposing  the 
whole  of  the  material  reaches  as  far  as  this,  the  calculation  will 
be  found  to  work  out  to  only  a  very  small  fraction  of  a  grain  to 
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a  cubic  foot  of  the  water.  The  travel  of  material  in  suspension 
in  tidal  water  advances  very  slowly,  being  continually  moved 
forwards  and  backwards,  and  with  each  oscillation  becoming 
more  widely  diffused.  It  is,  therefore,  very  improbable  that 
any  of  this  detritus  is  ever  carried  into  the  Humber,  and 
certainly  not  into  the  Wash. 

The  vast  areas  of  sand  which  are  to  be  found  in  many 
estuaries  are  instanced  as  proofs  that  the  sea  is  continually 
transporting  material  and  depositing  it  in  these  receptacles. 
As  already  pointed  out^  however,  an  examination  of  the  facts 
does  not  warrant  any  such  conclusion^  These  sandy  estuaries 
have  maintained  their  condition  with  slight  variation  as  long 
as  any  record  exists,  and  must  be  due  to  some  great  alteration 
of  climatic  conditions  If  the  operation  of  transporting  sand 
from  the  sea  into  the  rivers  were  continuously  going  on,  these 
estuaries  would  have  been  dry  land  many  ages  ago.  The  bed  of 
the  sea  being  at  a  lower  level  than  that  of  an  estuary,  there 
must  be  a  constant  tendency,  due  to  gravity,  for  the  material  to 
travel  to  the  sea. 

Ebb  and  Flood  Currents. — ^The  duration  of  the  ebb  in  rivers 
and  estuaries  is  longer  than  the  flood,  the  difference  depending 
on  the  low- water  depth  and  the  condition  of  the  river.  There 
is  not,  as  a  rule,  any  great  discrepancy,  especially  in  a  river  in 
good  order,  between  the  time  actually  occupied  by  the  flowing 
and  ebbing  of  the  actual  tidal  water,  the  difference  being  taken 
up  by  the  time  required  for  the  discharge  of  the  &esh  water 
coming  down  on  the  ebb,  and  of  such  of  it  as  had  been  penned 
up  and  held  back  by  the  rise  of  the  tide. 

As  soon  as  the  flood  tide  begins  to  make  up  a  river,  the 
downward  current  is  at  first  checked  and  finally  arrested,  and 
so  long  as  the  tide  continues  to  flow,  and  until  it  has  ebbed  out 
again  sufficiently  low  to  allow  of  the  escape  of  the  fresh  water, 
this  is  accumulating,  the  river  being  converted,  as  it  were,  into 
a  reservoir  to  hold  it  during  tide  time.  On  the  turn  of  the  tide> 
there  has  then  to  be  discharged,  not  only  the  ordinary  supply  of 
iresh  water,  but  the  quantity  accumulated  in  the  reservoir,  and 
all  the  last  part  of  the  ebb  consists  of  this,  and  not  of  tidal 
water. 

Thus  in  the  Mei*sey,  as  will  be  seen  from  the  diagram 
given  in  the  description  of  that  river,  between  the  bar  and 
New  Brighton   during  the  two   middle  quarters   of  the  flood 
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and  ebb  tide,  the  time  of  ebb  and  flood  was  about  the  same ; 
and  from  high  water  to  the  last  quarter  the  difference  in 
favour  of  the  ebb  was  less  than  half  an  hour,  the  difference 
daring  the  time  from  low  water  to  the  first  quarter  being  more 
than  an  hour  and  a  half  Between  Gai*ston  and  Runcorn  the 
flood  only  lasted  3  hrs.  20  min.,  taking  6  hrs.  10  min.  for  the 
ebb  to  fall  to  low- water  level. 

The  greatest  velocity  of  tidal  water  is  at  about  half-flood  or 
half-ebb.  At  the  first  quarter  of  flood  it  has  to  reverse  the 
action  of  the  ebb,  and  has  shallower  water  in  which  to  propagate 
itself  In  the  first  quarter  of  ebb  the  direction  of  the  stream 
has  to  be  reversed,  and  at  first  the  inclination  of  the  surface  is 
less  than  that  which  later  on  occurs.  In  the  middle  period  the 
water  moves  with  the  greatest  velocity,  and  then  the  rise  and 
fall  is  nearly  twice  as  much  as  during  the  first  and  last  quarters. 
That  the  motion  of  the  water  is  greatest  at  this  period  is  shown 
by  the  action  of  floats,  the  greatest  progress  being  made  with 
these  at  half-flood  and  half-ebb,  and  the  least  near  low  water  and 
high  water. 

The  ebb  has  an  advantage  over  the  flood  in  not  having  to 
expend  the  same  amount  of  energy  in  reversing  the  direction  of 
the  current.  The  flood-current  has  to  create  its  own  head. 
Having  arrived  at  high  water,  there  is  a  period  of  slack.  The 
natural  action  of  gravity  of  water  flowing  from  the  higher  level 
of  the  river  assists  in  carrying  the  ebb  water  downwards,  and 
in  transporting  the  material  in  suspension. 

The  flood  tide  has  a  greater  erosive  action  than  the  ebb. 
Where  the  last  of  the  ebb  consists  of  fresh  water,  the  flood, 
owing  to  the  greater  density  of  the  salt  water,  drives  its  way  in 
a  wedge-shaped  form  under  the  fresh  water,  exerting  an  eroding 
action  which  loosens  the  particles  of  alluvium  which  had  settled 
on  the  bottom,  and,  by  placing  them  again  in  suspension,  fiswsili- 
tates  their  removal  by  the  ebb.  The  flood  is  therefore  a  valuable 
agent  in  keeping  the  channels  open. 

As  the  tide  rises  and  the  water  begins  to  cover  the  sandbanks 
in  an  estuary,  the  flood  has  to  overcome  the  resistance  due  to 
gravity,  and  has  to  lift  the  material  it  has  in  suspension  up  the 
inclined  plane  presented  by  these  banks,  and  roll  the  particles 
along  the  sand,  and  has  also  to  overcome  the  friction  due  to  the 
rubbing  of  the  water  along  the  sand.  Although,  therefore,  the 
flood  may  come  in  with  a  greater  momentum  and  velocity  than 
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the  ebb  flows  out,  its  energy  is  dissipated  in  overcoming  these 
resistances. 

Evidence  is  farther  afforded  of  the  preponderating  effect 
of  the  ebb  over  that  of  the  flood  by  the  fact  that,  in  addition 
to  transporting  back  any  material  brought  up  by  the  flood, 
it  has  also  to  carry  away  out  of  the  channel  of  the  river  or 
estuary,  the  alluvial  matter  brought  down  by  the  river  in  floods. 
Apart  from  disturbance  caused  by  fresh-water  floods,  the  effect 
of  the  ebb  and  flood  currents  is  equal.  The  movable  material 
disturbed  by  the  water  oscillates  backwards  and  forwards  with 
the  tides,  travelling  greater  or  less  distances  as  the  springs  or 
neaps  prevail ;  but  the  detritus  that  comes  with  the  fresh  water 
is  new  matter,  and,  unless  moved  clear  of  the  channel,  would 
in  time  fill  it  up.  The  duty  of  its  removal  is  performed  by  the 
same  agent  that  brings  it — that  is,  the  fresh  water. 

If  material  were  brought  in  from  the  sea  in  a  greater  quantity 
than  the  ebb  could  carry  back,  the  tidal  estuaries  and  rivers 
must  have  ceased  to  exist  many  ages  ago.  If,  on  the  other  hand, 
the  ebb  were  continually  carrying  out  a  greater  quantity  of 
material  than  the  flood  brings  up,  the  channels  would  go  on 
continually  deepening.  There  are  numerous  examples  of  bays 
and  narrow  inlets  running  a  long  distance  from  the  sea  inland, 
where  no  disturbance  occurs  from  the  admission  of  land  freshets, 
and  where  the  water  is  purely  tidal.  The  regular  ebb  and  flow 
of  the  tides  maintain  these  channels  in  a  stable  condition,  and 
there  is  sufficient  evidence  to  show  that  they  have  remained 
in  the  condition  in  which  we  now  find  them  since  the  last  great 
change  in  the  physical  condition  of  the  country  took  place. 

As  an  example  of  this  may  be  quoted  Southampton  Water, 
which  is  a  channel  five  and  a  half  miles  long  and  about  half 
a  mile  wide,  between  banks  of  soft  mud  which  are  covered  at 
high  water,  and  which  has  a  depth  of  from  9  to  5  fathoms 
at  low  water.  Its  connection  with  the  sea  is  by  the  narrow 
strait  of  the  Solent,  between  the  coast  and  the  Isle  of  Wight, 
through  which  the  tidal  water  has  to  travel  fifteen  miles,  and  by 
the  channel  on  the  east  side  of  the  island,  which  meets  the  other 
at  the  mouth  of  Southampton  Water.  The  river  which  empties 
into  the  head  is  too  insignificant  to  keep  such  a  large  channel 
scoured,  and  if  deposit  were  brought  in  by  the  tides  from  the 
sea,  this  channel  would  rapidly  have  filled  up. 

Tidal  water  alone,  although  very  much  larger  in  volume 
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than  the  fresh  water,  has  not  the  same  effect  as  upland  water  in 
carrying  material  out  of  the  channel.  The  quantity  of  water 
coming  in  with  the  tide  being  the  same  as  that  which  goes  out, 
the  material  moved  on  the  bottom  will  not  greatly  differ  in 
quantity.  What  is  rolled  up  by  the  flood  will  be  rolled  back  by 
the  ebb,  the  latter  having  rather  the  advantage ;  but  with  matter 
in  suspension  the  case  is  different  This  becomes  diffused 
throughout  the  increased  volume  of  water  due  to  the  tide,  and 
the  quantity  left  in  the  water  in  the  river  is  so  much  less  by 
that  which  has  passed  out  with  the  tidal  water;  the  quantity 
will  depend  on  the  distance  any  particular  section  is  from  the 
sea.  The  tidal  water  from  the  section  nearest  the  sea  all  passes 
out  of  the  river ;  when  a  certain  distance  is  reached,  the  water 
in  the  river  is  only  driven  back,  and  a  partial  diffusion  only 
takes  place ;  in  the  upper  part  of  the  river  no  sea- water  reaches, 
and  here  the  quantity  of  matter  in  suspension  is  not  affected  by 
the  tidal  influence.* 

The  rate  of  actual  travel  forward  of  material  brought  into 
a  river  by  land  floods,  or  eroded  by  the  action  of  the  water, 
depends  on  the  amount  of  fresh  water,  and  its  effect  in  strengthen- 
ing and  prolonging  the  ebb.  As  an  illustration  of  this,  the  case 
of  the  Trent  and  the  Ouse  may  be  taken.  These  rivers,  as  already 
mentioned,  contain  a  very  large  quantity  of  matter  in  suspension, 
brought  down  in  freshets  from  the  large  area  of  land  which  they 
drain,  and  also  from  the  solid  matter  contained  in  the  sewage 
discharged  into  them,  which  cannot  amount  to  less  than  15,000 
tons  a  year.  The  quantity  of  solid  matter  in  suspension  at 
certain  seasons  is  so  great  that,  if  the  water  is  allowed  to  flow 
on  and  off  land  adjacent  to  the  rivers  and  remain  there,  it  will 
cause  a  deposit  at  the  rate  of  from  2  to  3  feet  in  a  season. 
This  process  can  only  be  carried  on  in  summer.  When  freshets 
are  coming  down  the  river,  the  ebb  current  is  so  strengthened 
as  to  keep  the  material  continually  moving  downwards,  and  in 
long-continued  wet  weather  it  reaches  the  sea ;  but  under  ordinary 
conditions  a  large  proportion  does  not  get  beyond  the  lower 
reaches  of  the  river.  As  the  freshets  fall  off,  this  is  again  brought 
up  by  the  flood  and  carried  back  by  the  ebb,  thus  continually 
oscillating  backwards  and  forwards  in  the  rivers. 

Professor  Unwin,  in  a  pamphlet  published  in  1883  on  the 
effect  of  tidal  water  with  reference  to  sewage  discharge  in  a  river, 

*  See  note,  p.  142. 
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states  that,  as  the  results  of  calculations  which  he  had  made,  he 
had  arrived  at  the  conclusion  that  the  direct  effect  of  upland 
water  pouring  into  a  tidal  river  is  to  displace  down-stream  all 
the  water  below  it  by  a  distance  which  at  each  point  is  equal  to 
the  length  of  the  river-bed  which  the  upland  water  would 
occupy.  In  the  upper  part  of  the  river  the  displacement  due  to 
the  upland  water  might  be  considerable,  and  here  the  upland 
water  must  have  a  large  influence  in  maintaining  the  rSginie  of 
the  river.  In  the  lower  reaches  the  displacement  due  to  the 
upland  water  is  small  compared  to  the  tidal  oscillation,  and  the 
effect  of  the  upland  water  in  canying  material  seawards  is 
extremely  slow.  Thus  he  calculated  that  in  the  Thames  it 
would  take,  during  an  ordinary  winter  flood,  65  days  to 
discharge  at  Sheemess  material  entering  the  river  at  Woolwich, 
a  distance  of  31  miles.  In  summer  he  estimated  the  distance  at 
one-third  of  this,  and  during  excessive  floods  the  travel  might  be 
increased  to  eight  times  the  above.  He  considers  that  the  main 
effect  of  tidal  water  is  to  drive  back  the  water  which,  at  the  eiid 
of  the  ebb,  occupies  the  river  channel.  In  each  length  of  a  river 
the  water  is  driven  back  a  certain  distance,  and,  apart  from  the 
mixing  action  which  goes  on,  no  water  coming  from  below  will 
reach  a  highei?  point  in  the  river.  Thus,  for  example,  in  the 
Thames,  water  at  Sheemess  is  driven  back  10.^  miles,  and  no 
water  from  below  Sheemess  reaches  a  higher  point  in  the  river ; 
the  water  at  the  end  of  the  ebb  at  Erith  is  driven  back 
8  miles  to  Woolwich,  and  so  on ;  and  so  water  at  the  end  of  one 
ebb  at  Woolwich  is  driven  back  10  miles,  less  the  amount  due  to 
the  displacement  caused  during  tidal  flow  by  the  upland  water. 
At  the  end  of  the  next  ebb  it  travels  back  10  miles  plus  the 
displacement  due  to  the  upland  water,  or  say  half  a  mile  lower 
down  than  at  the  previous  ebb ;  the  conclusion  being  that  tidal 
action  alone  effects  directly  no  change  in  the  material  water  in 
the  river,  but  merely  a  reciprocating  oscillation  over  a  certain 
length.  If,  therefore,  there  were  no  mixing  action  between 
water  driven  up  by  the  tide  and  that  initially  in  each  compartr 
ment,  the  river  would,  down  to  the  sea,  become  ultimately 
entirely  fresh  water.  If,  on  the  other  hand,  the  supply  of 
upland  water  were  stopped,  the  whole  water  in  the  river  would 
become  of  the  density  of  salt  water. 

Observations  as  to  the  extent  of  the  oscillation  of  the  tidal 
water  in  the  Thames  have  been  carried  out  at  different  times 
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with  reference  to  the  inquiries  made  as  to  the  discharge  of  the 
London  sewage  into  the  river,  the  details  of  which  will  be  found 
in  the  report  and  evidence  of  the  Royal  Commission  on  Metro- 
politan Sewage  in  1883. 

Proceeding  on  the  same  lines  as  Professor  Unwin,  Mr. 
Baldwin  Latham  endeavoured  to  show  that  the  actual  travel  of 
the  fresh  water,  and  its  effect  in  carrying  solid  material  to  the 
sea,  could  be  shown  by  the  proportion  of  chlorine  in  any  given 
section  of  the  river.  He  treated  the  actual  quantity  of  fresh 
wfbter  coming  over  Teddington  Weir  as  a  column  occupying  a 
certain  space  and  working  its  way  out  to  sea  through  the  larger 
volume  of  salt  water  with  a  certain  velocity.  The  normal 
amount  of  chlorine  found  in  the  estuary  at  the  mouth  of  the 
river  being  determined,  the  quantity  of  chlorine  found  in  any 
given  section  would  show  what  proportion  of  this  area  was 
occupied  by  salt  water  and  what  by  fresh  water.  The  proportion 
of  the  area  occupied  by  the  fresh  water  divided  by  the  volume 
would  give  the  velocity  or  rate  of  travel  of  the  fresh  water. 
The  rate  at  which  the  fresh-water  column  must  travel  to  carry 
out  a  given  volume  being  thus  determined,  it  was  calculated 
that  with  an  ordinary  discharge  of  about  1390  cubic  feet  a  second 
coming  over  Teddington  Weir,  it  would  take  12  days  to  reach 
Barking,  30^  miles,  and  30  days  from  there  to  Southend,  33| 
miles.  Whereas  when  the  quantity  of  fresh  water  was  increased 
sixfold  by  a  flood  to  about  8000  cubic  feet  a  second,  the  rate  of 
travel  was  3  days  to  Barking,  and  11  days  from  there  to  Southend, 
this  showing  the  much  greater  effect  which  the  fresh  water  has 
in  transporting  deposit  in  the  upper  reaches,  where  the  fresh 
water  bears  a  larger  proportion  to  the  tidal  than  in  the  lower 
reaches. 

Floats  have  also  been  placed  in  the  river  and  allowed  to 
oscillate  up  and  down  for  several  days.  The  first  observations 
were  made  by  Mr.  Phillips  in  1851,  with  floats  6  feet  long,  and 
15  inches  square  at  the  bottom  and  6  inches  at  the  top.  These 
floats  were  put  in  the  river  at  Barking  at  a  time  when  there  was 
very  little  fresh  water  flowing  down.  The  floats,  on  the  average, 
went  up  with  the  flood  12  miles,  and  back  down  with  the  ebb 
12^  miles,  showing  a  downward  advance  of  only  one-third  of  a 
mile  per  day.  Other  observations  made  from  June  to  August 
showed,  as  the  result  of  74  runs,  an  average  rate  of  11*98  miles 
up  and  12'64  miles  down,  or  a  daily  advance  of  \\  mile  down. 
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It  was  found  that  as  the  tides  took  off  from  the  springs  the  ebbs 
became  more  powerful,  and  at  the  neaps  the  floats  made  a  greater 
advance  downwards  than  at  springs.  In  1882  further  observa- 
tions were  made  by  Mr.  P.  Birch,  under  Mr.  Latham's  directions. 
The  floats  were  octagonal,  12  feet  6  inches  long,  11^  inches 
diameter,  and  immersed  12  feet  The  floats  were  put  in  at 
Barking  in  September,  respectively  at  high  water,  at  half-ebb, 
and  at  low  water,  and  each  set  allowed  to  float  up  and  down  the 
river  during  two  lunations.  During  this  period  they  descended 
on  an  average  two  miles.  The  float  put  in  on  the  top  of  the 
spring  tides  descended  during  the  springs  15  miles,  and  ascended 
within  2'77  miles  of  the  starting-point;  during  neap  tides  it 
descended  17*56  miles,  and  ascended  within  7*65  miles  of  the 
starting-point.  The  average  distance  travelled  each  tide  by  the 
floats  upon  all  ebb  tides  was  12*64  miles  down,  and  on  floods 
12*60  miles  up.  The  fresh  water  passing  over  Teddington  Weir 
at  the  time  was  rather  above  the  summer  average. 

The  observations  were  not  extended  over  a  suflSciently 
lengthened  period  to  show  what  the  increased  rate  of  travel 
would  be  when  a  freshet  was  coming  down  the  river,  but  some 
limited  observations  taken  when  the  quantity  of  water  coming 
over  Teddington  Weir  had  increased  above  the  normal  summer 
flow,  showed  that  the  rate  of  downward  progress  of  the  floats 
rapidly  increased  with  the  increase  of  fresh  water. 

Float  experiments  have  also  been  made  in  the  Clyde  at 
different  periods,  the  results  being  recorded  in  a  report  on  "  The 
Tidal  Velocities  in  the  River  Clyde,"  by  Mr.  James  Deas,  issued 
in  1881.  The  floats  used  in  the  earlier  experiments  were  3  feet 
long  by  3  inches  square,  weighted  at  the  bottom  so  as  to  keep 
them  upright.  Subsequently  the  length  was  increased  to  11  feet, 
and  the  diameter  to  4  inches.  Wooden  floats  made  in  the  form 
of  a  cross  were  also  used.  These  were  2  feet  6  inches  wide, 
each  arm  of  the  cross  being  6  inches  wide  and  1  foot  4^  inches 
deep.  A  lead  weight  was  attached  to  the  centre  at  the  bottom, 
the  whole  of  the  cross  being  immersed,  and  only  a  point  of 
wood  projecting.  Oranges  were  also  used  as  surface  floats. 
Some  of  the  experiments  were  made  in  1879,  before  the  weir 
across  the  river  above  Glasgow  was  removed,  and  others  in  1881, 
after  its  removal  They  were  conducted  in  the  month  of  June, 
when  only  the  ordinary  amount  of  summer  fresh  water  was 
running  down  the  river.     The  floats  were  started  from  Glasgow 
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bridge,  and  were  watched  night  and  day.  In  1879,  in  ten  tides 
the  floats  reached  Qourcock  Bay,  24  miles  down,  being  at  the 
rate  of  242  miles  per  tide.  In  1881,  after  the  same  number  of 
tides,  the  floats  reached  Fort  Matilda,  235  miles,  or  at  the  rate 
of  2*35  miles  per  tide.  These  are  average  results.  Of  six  trials  the 
slowest  advance  was  1*68  mile  per  tide,  and  the  quickest  336  miles. 

The  result  of  experiments  conducted  by  the  author  in  the 
river  Witham,  showed  that  a  solid  wooden  float,  G  feet  long, 
12  inches  square,  and  floating  six  inches  out  of  the  water,  started 
from  the  entrance  to  Boston  Dock  half  an  hour  after  high  water 
in  6  hrs.  21  min.  travelled  down  the  river  to  Clayhole, 
6'65  miles,  the  last  two  miles  being  in  the  open  estuary  outside 
the  river.  It  remained  stationary  an  hour,  and  returned  to 
its  starting-place  in  3|  hours,  reaching  there  about  one  hour 
before  high  water.  The  rate  of  travel  on  the  ebb  was  1'12  mile 
per  hour,  and  on  the  flood  199  mile.  The  motion  of  the  float 
in  this  experiment  was  due  entirely  to  tidal  influence,  there 
being  a  total  absence  of  fresh  water  in  the  river.  The  tides 
were  springs,  the  rise  above  low  water  being  about  18  feet  at 
the  upper  end,  and  22  feet  in  Clayhole.  Subsequent  experi- 
ments, although  varying  a  little  as  to  the  time  occupied,  took 
the  float  to  the  same  point  below  on  the  ebb  and  brought  it 
back  to  the  starting-point  on  the  flood. 

Tests  made  with  solid  floats  cannot  be  relied  on  to  give  a 
correct  result  as  to  the  amount  of  matter  carried  by  the  water  in 
suspension.  During  the  time  the  float  is  travelling  a  certain 
distance  down  the  river,  an  immense  volume  of  water  has 
been  displaced  and  gone  out  to  sea,  carrying  with  it  a  large 
quantity  of  suspended  matter,  which  becomes  deposited  in  the 


Fio.  11.— DUgnun  showlDg  motloD  of  flo«t. 


bed  of  the  ocean,  or  is  too  dispersed  ever  to  return.  While  the 
solid  body  of  the  float  is  simply  carried  along  by  the  current, 
the  matter  in  suspension  is  continually  changing  its  position  by 
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the  action  of  the  water,  the  particles,  being  thrown  up  from  the 
bottom  and  rising  to  the  top,  becoming  diffused  throughout  the 
whole  mass,  and  moving  away  with  the  tidal  water.  This  is 
shown  more  clearly  by  the  diagram,  Fig.  11.  The  float  is  shown 
as  having  moved  from  A  to  D  on  the  ebb.  The  shaded  space 
between  the  letters  A  B  C  D,  represents  the  tidal  water  which 
has  flowed  out  to  sea. 

BfEbct  of  obstmcting  the  Free  Flow  of  the  Tide. — Any  cause 
that  obstructs  the  flow  of  the  tidal  water  and  the  free  propaga- 
tion of  the  tidal  wave,  is  detrimental  to  the  maintenance  of  a 
river  in  its  most  effective  condition,  and  leads  to  the  shoaling  of 
the  channel' 

The  placing  of  weirs  across  tidal  rivers,  contractions  of  the 
channel  and  irregularities  in  its  form,  restricted  entrances,  and 
similar  causes,  are  destructive  to  the  maintenance  of  a  deep-water 
channel 

In  the  river  Ouse,  in  Yorkshire,  the  tides  have  been  excluded 
from  the  upper  part  of  the  river  by  a  weir  and  lock  placed  across 
the  river  at  Nabum,  about  28  miles  above  Ooole.  In  summer 
deposits  take  place  below  the  weir  to  the  extent  of  5  to  10  feet ; 
and  in  a  dry  season  it  accumulates  in  the  river  between  Nabum 
and  Selby,  a  distance  of  10  miles,  to  such  an  extent  as  to  reduce 
the  navigable  depth  nearly  4  feet,  seriously  impeding  the  navi- 
gation to  York.  This  deposit  is  removed  more  or  less  entirely 
by  the  winter  freshets. 

In  the  Witham,  the  landowners  interested  in  the  drainage  of 
the  fenland  obtained  powers  in  the  middle  of  the  last  century 
to  straighten  the  upper  part  of  the  river,  and  to  exclude  the 
tidal  water  by  a  sluice  and  lock  placed  across  the  river  above  the 
town  of  Boston,  about  8  miles  from  the  sea  (see  illustration 
in  the  description  of  the  Witham).  The  portion  of  the  river 
between  Boston  and  Lincoln,  in  addition  to  forming  the  main 
drain  of  that  portion  of  the  fenland,  was  used  as  a  canal  navi- 
gation. At  the  time  when  this  sluice  was  erected,  and  until  a 
few  years  ago,  the  outfall  of  the  river  passed  through  a  mass  of 
shifting  sands  before  it  reached  the  deep  water  of  the  estuary, 
and  was  continually  altering  its  course.  The  flood  tide,*working 
through  these  sands,  carried  in  suspension  and  drove  up  the  river 
along  the  bottom  large  quantities  of  material.  The  momentum  of 
the  flood  tide  being  checked  on  arriving  at  the  sluice,  a  reaction 
is  caused,  and  a  back  current  is  generated,  which,  meeting  the 
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succeeding  tidal  wave,  converts  a  flowing  stream  into  slack 
water.  The  deposit  which  was  formerly  brought  up  by  the 
tide^  remained  behind  when  the  water  receded,  and  gradually 
accumulated,  raising  the  bed  of  the  river,  not  only  immediately 
adjacent  to  the  sluice,  but,  from  the  absence  of  any  tidal  back 
scour,  for  a  considerable  distance  down  the  river.  In  dry  seasons, 
when  there  has  been  a  lack  of  fresh  water,  the  deposit  has 
accumulated  against  the  sluice  to  a  depth  of  10  and  11  feet, 
tailing  off  to  3  and  4  feet  at  4  or  5  miles  down  the  river.  When  this 
occurred,  vessels  were  unable  to  reach  the  quay  at  the  town,  and 
had  to  lie  in  the  estuary  and  discharge  their  cargoes  into  lighters. 
That  this  accumulation  was  entirely  due  to  the  stoppage  of  the 
flow  of  the  tidal  water  may  be  proved  from  the  fact  that  in  the 
Welland,  a  much  smaller  river,  which  discharges  into  the  same 
part  of  the  estuary,  and  which  has  a  free  tidal  run  of  20  miles, 
no  such  accumulation  took  place.  A  new  channel  having  been 
made  for  the  river  Witham,  and  its  outfall  carried  below  the 
shifting  sands,  the  current  of  fresh  water  is  able  to  transport 
the  small  amount  of  sediment  which  is  now  in  motion,  and 
what  little  accumulation  takes  place  is  confined  within  a  mile 
below  the  sluice. 

In  the  rivers  Vire  and  Aure,  which  flow  through  Vays  Bay 
to  the  English  Channel,  on  the  north  coast  of  France,  doors  were 
placed  across  the  outfall  at  Vay  bridge  to  prevent  the  tidal 
waters  flooding  the  land.  By  this  means  about  80  million  cubic 
feet  of  tidal  water  was  excluded  each  tide  from  flowing  up  and 
down  the  outfalL  Owing  to  this  the  channel  silted  up,  and  the 
navigation  was  almost  stopped.  Subsequently  the  doors  were 
removed,  with  the  result  that  the  navigation  became  restored 
to  its  original  condition. 

The  free  propagation  of  the  tidal  wave  may  also  be  obstructed 
by  irregularities  in  the  form  of  the  channel,  by  the  existence  of 
alternate  wide  spaces  and  contractions,  and  by  shoals  in  the 
bottom.  Wide  spaces  allow  of  lateral  diversions  from  the  flow- 
ing stream,  which  eddy  round  and  disturb  the  forward  motion  of 
the  particles.  In  like  manner  abrupt  bends  and  restrictions  in 
the  width  of  the  channel,  by  opposing  a  resistance  to  the  direc- 
tion of  motion,  check  the  momentum,  and  require  a  greater 
head  to  force  the  tidal  water  round  them.  As  an  illustration  of 
this,  the  case  of  the  tidal  river  Ouse,  in  Norfolk,  may  be  taken. 
Between  Lynn  and  Downham  there  is  a  horseshoe  bend  of  about 
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67  chains  in  length,  the  distance  in  a  straight  line  being  37 
chains.  From  about  one-quarter  to  three-quarters  flood,  the  in- 
clination  in  the  surface  of  the  tidal  water  through  the  bend  is  at 
the  rate  of  14  inches  per  mile,  as  compared  with  from  2  to  4 
inches  per  mile  in  the  straighter  reaches  of  the  river. 

The  propagation  of  the  tidal  wave  may  be  further  affected 
by  a  restricted  tidal  entrance  preventing  sufficient  water  from 
getting  into  the  river  to  fill  the  upper  reaches.  When  the 
high  water  at  the  end  of  the  tidal  flow  does  not  reach  the  same 
level  as  the  tide  in  the  open  estuary,  it  is  evident  that  the  tidal 
wave  is  not  being  freely  propagated.  In  some  poi*ts  the  depres* 
sion  of  the  level  becomes  a  serious  drawback  from  their  navigable 
capacity.  Mr.  Stevenson  states  that  on  an  average  the  tides  in 
Montrose  Bay,  which  has  an  area  of  1200  acres,  are  9  inches 
below  the  level  of  the  water  outside,  the  entrance  not  being  suffi- 
ciently capacious  to  allow  the  tide  to  fill  the  basin  during  flood. 

The  river  Nene  affords  an  instructive  example  of  the  efl^ect 
of  contractions  in  the  channel,  and  of  abrupt  bends.  It  drains 
1055  square  miles,  and  has  a  tidal  run  of  31  miles.  This  river 
discharges  into  the  Wash,  on  the  east  coast  of  England,  and  has 
to  find  its  way  through  about  4  miles  of  sands  before  it  reaches 
deep  water.  Above  these  sands  the  river  has  been  trained  and 
straightened  for  6  miles,  and  above  this  to  the  town  of  Wisbech, 
10.^  miles  from  the  outfall,  it  passes  through  a  straight  artificial 
channel  At  Wisbech  the  river  is  restricted  in  width  and  area, 
and  there  are  two  sharp  bends.  Thence  to  Ouyhirne,  7  miles, 
it  passes  along  the  natural  course,  which  has  from  time  to  time 
been  straightened  and  improved ;  and  from  Ouyhirne  to  Peter- 
borough it  has  a  nearly  straight  course.  In  this  reach  there  are 
some  gravel  shoals,  which  considerably  diminish  the  depth  of  the 
channel.  A  spring  tide  flows  3^  hours  at  Sutton  Bridge,  4  miles 
from  the  outfall,  and  ebbs  9^  hours.  The  ebbs  fall  at  the  rate 
of  17  feet  3  inches  for  the  first  4it  hours,  and  6  feet  3  inches  for 
the  4f  houi*s  of  the  rest  of  the  tide.  Sir  John  Coode,  in  a  report 
made  on  this  river  in  1874,  and  from  which  the  particulars  and 
the  diagram  here  given  are  taken,  found  that  an  average  spring 
tide,  which  ranged  20  feet  1  inch  at  the  end  of  the  trained 
portion  of  the  river,  ranged  21  feet  4  inches  at  Sutton  Bridge, 
4^  miles  higher  up.  At  Wisbech,  10^  miles,  the  high- water 
level  was  practically  level ;  whereas  at  Northey  Gravel,  where 
the  range  was  14  inches,  the  high- water  level  was  6  feet  4  inches 
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lower  than  at  the  outfall.  The  fall  in  the  surface  of  the  water 
at  high  water  towards  Peterborough  was  a  little  over  2  inches 
per  mile  from  the  lower  end  of  the  trained  channel  to  Wisbech, 
and  above  this  it  was  at  the  rate  of  15^  inches  per  mile,  falling 
towards  Peterborough.  The  two  bends  and  the  contracted  area 
of  the  channel  through  Wisbech  and  through  the  town  bridge 
caused  a  sudden  rise  from  5*3  inches  per  mile  to  17*7  inches. 
When  it  was  high  water  at  the  outfiaJl,  the  flood  tide  had  just 
begun  to  run  at  Cross  Guns,  25^  miles  up  the  river,  and  above 
this  the  ebb  was  still  running  down.  The  accompanying  diagram, 
Fig.  12,  adapted  from  Sir  John  Coode's  report,  will  show  the 
condition  of  this  tide  in  the  river.  The  shaded  parts  represent 
corresponding  half -hour  intervals  of  the  flood  and  ebb.  It  will 
be  seen  that,  while  the  tide  had  run  down  at  the  outfall  to  the 
extent  of  6  feet  11  inches  for  the  two  hours  between  6*30  and  8-30, 
it  was  running  up  at  Cross  Ouns  in  the  same  period  to  the  extent 
of  6  feet.  Thus  there  were  two  currents  running  in  opposite 
directions,  the  summit  level  being  about  halfway  of  the  whole 
tidal  run.  These  abnormal  conditions  clearly  indicate  that  the 
obstacles  in  the  channel  at  Wisbech  materially  check  the  propa- 
gation of  the  tidal  wave.  The  sectional  area  through  Wisbech 
is  not  sufficient  to  allow  the  channel  above  to  be  filled  at  the 
same  rate  as  the  tide  rises  below  the  town,  and  hence  the  sudden 
increase  in  the  inclination  in  the  surface  of  the  flowing  tide.  If 
the  channel  were  adequate  to  its  work,  the  tide  would  reach 
Peterborough  sooner  and  rise  higher  than  it  does  at  the  present 
time.  The  owners  of  the  land  lying  adjacent  to  the  upper  part 
of  the  river  have,  however,  successfully  resisted  attempts  to 
improve  the  river  through  Wisbech  by  cutting  off*  the  bends,  and 
also  in  the  upper  reach  by  removing  the  shoals,  because  they 
were  advised  that  such  improvements  would  be  detrimental  to 
the  quality  of  the  fresh  water,  which  is  drawn  from  the  river  for 
the  use  of  the  inhabitants  and  cattle,  by  allowing  the^boundary- 
line  between  the  fresh  and  salt  water  to  be  extended  further  up 
the  river. 

In  the  Tyne,  before  the  river  was  improved,  it  was  not 
unusual  to  find  the  level  of  high  water  at  Newcastle  from 
7  to  10  inches  below  that  at  Tynemouth. 

In  rivers  favourable  to  the  flow  of  the  tide,  and  having 
trumpet-shaped  mouths  and  funnel-shaped  channels,  that  is. 
Laving  their  banks  gradually  converging,  the  opposite  effect  is 
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found  to  that  experienced  in  the  Nene,  the  momentum  carry- 
ing the  tidal  water  to  a  greater  height  than  it  attains  in  the 
estuary,  and  the  reaction  on  the  ebb  lowering  the  low  water 
lower.  Examples  of  this  will  be  found  in  the  chapter  on  '^  Tides." 

Width  of  Tidal  Channeli. — The  width  and  sectional  area  of 
the  upper  part  of  tidal  rivers  bear  a  certain  relation  to  their 
drainage  areas,  and  to  the  volume  of  fresh  water  they  have  to 
discharge,  although  that  quantity  may  be  only  a  small  proportion 
of  the  tidal  volume  which  flows  up  them.  The  width  and  depth 
of  the  lower  or  purely  tidal  part  does  not  appear  to  depend  on 
causes  now  operating.  The  supply  of  tidal  water  being  sufficient 
to  fill  the  receptacle,  however  large,  the  form  being  once  fixed, 
the  channels  are  maintained  by  the  tidal  flux  and  reflux. 
Although  no  definite  proportion  exists  between  the  width  of  the 
channel  and  the  tidal  conditions  in  estuaries  in  their  natural 
state,  yet  it  may  be  taken  that  approximately  a  convergence 
of  the  coast-line  at  the  rate  of  from  1500  to  2000  feet  per  mile 
is  conducive  to  the  maintenance  of  deep-water  channels.  In  the 
upper  or  trained  portion  of  the  channel  of  rivers  where  the  rise 
of  the  tide  is  moderate,  a  convergence  of  from  50  to  60  feet  per 
mile  for  the  low-water  width,  but  opening  out  more  rapidly 
when  approaching  the  outfall,  gives  satisfactory  results.  The 
increase  of  width  of  natural  channels  is  not,  however,  gradual, 
but  the  proportion  of  increase  augments  rapidly  downwards. 
In  the  following  examples  this  has  not  been  taken  into  account, 
the  average  rate  of  increase  only  being  given. 

The  Thames,  with  a  drainage  area  of  5162  square  miles,  a 
tidal  run  of  62  miles,  range  of  spring  tides  at  the  mouth  of 
16  feet,  widens  out  very  rapidly  at  the  lower  end.  Between 
Maplin  Sands  and  Yantlet  Spit,  the  rate  of  decrease  in  the 
width  at  the  high-water  level  is  1694  feet  per  mile  for  seven 
miles ;  from  Yantlet  Spit  to  Woolwich,  a  distance  of  30  miles, 
the  channel  decreases  at  the  rate  of  520  feet  per  mile  at  the 
high-water  level,  and  198  feet  in  the  low- water  channel ;  from 
Woolwich  to  London  Bridge,  10  miles,  the  decrease  at  the  high- 
water  level  is  71  feet,  and  at  low  water  62  feet,  per  mile. 
Above  London  Bridge  there  is  no  regular  decrease,  the  width 
at  low  water  varying  from  about  700  feet  at  London  Bridge,  to 
720  feet  at  the  Embankment,  745  at  Battersea,  1000  at  Chekea, 
and  820  at  Fulham. 

The  Humber  has  a  drainage  area  of  10,500  square  miles. 
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a  tidal  run,  including  the  Ouse,  of  65  miles,  in  addition  to 
which  the  tide  has  a  long  run  up  the  Trent.  The  range  at  the 
mouth  at  spring  tides  is  19  feet.  From  a  short  distance  above 
Spurn  Point  to  Sunk  Island,  a  distance  of  10  miles,  the  estuary 
decreases  at  the  rate  of  2550  feet  per  mile  at  high  water,  and 
1350  in  the  low-water  channel.  From  Sunk  Island  to  Hull, 
13  miles,  at  the  rate  of  430  feet  and  146  feet  respectively. 
From  Hull  to  the  junction  of  the  Ouse,  the  decrease  is  at  the 
rate  of  516  feet  per  mile ;  and  from  Hull  toGoole  the  low-water 
channel  decreases  at  the  rate  of  310  feet  per  mile ;  and  from  Ooole 
to  Nabum,  where  the  tidal  run  is  stopped,  20  feet  per  mile. 
The  low-water  width  at  Hull  is  8200  feet,  and  at  Goole  700  feet. 

The  Severn  has  a  drainage  area  of  8000  square  miles.  The 
length  of  the  open  estuary  from  Hartland  Point  to  Portishead, 
where  the  river  channel  may  be  said  to  begin,  is  85  miles; 
from  here  to  Gloucester,  where  the  tidal  nin  is  now  stopped, 
is  30  miles.  Formerly  the  tide  ran  nearly  to  Diglis  Weir, 
about  37  miles  further.  The  tidal  range  in  the  estuary  is 
27  feet,  but  rising  to  about  42  feet  at  Portishead.  The  estuarial 
portion,  which  is  42  miles  wide  at  the  lower  end,  decreases  at 
high- water  level  to  3  miles  at  the  upper  end,  or  at  the  rate  of 
2429  feet  per  mile.  From  a  little  above  Portishead  to 
Gloucester,  the  decrease  in  the  low- water  channel  is  at  the  rate 
of  110  feet  in  the  mile. 

The  Ouse  (Bedfordshire)  has  a  drainage  area  of  2894  square 
miles,  a  tidal  run  of  42  miles,  and  a  range  of  tide  of  23  feet. 
This  river,  in  the  lower  part  for  the  last  five  miles,  has  been 
considerably  altered,  the  channel  having  been  straightened, 
deepened,  and  trained  for  a  short  distance  into  the  estuary. 
The  middle  portion  has  not  been  altered ;  the  upper  20  miles, 
through  which  the  tide  flows,  is  an  artificial  channel.  The 
lower  five  miles  decrease  at  the  rate  of  25  feet  per  mile,  the 
middle  or  natural  portion  at  the  rate  of  5  feet,  and  the  upper 
at  the  rate  of  1  foot.  Notwithstanding  the  small  increase  in 
width  of  this  channe],  the  tide  flows  for  a  long  distance,  the 
level  of  high  water  at  Denver  Sluice  and  in  the  estuary,  16 
miles  away,  being  level,  and  1  foot  4  inches  lower  at  the  end 
of  the  tidai  run.  The  tide  is  propagated  between  these  places 
at  the  rate  of  6^  miles  an  hour  on  the  flood,  and  27  miles  at 
high  water. 

The  Scheldt  has  a  drainage  area  of  8000  square  miles,  a  tidal 
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run  of  105  miles,  and  a  range  of  tides  at  the  mouth  of  the 
estuary  of  15  feet  From  the  mouth  of  the  estuary  below 
Flushing  to  a  little  below  Lillo,  a  distance  of  about  35  miles, 
the  width  at  high  water  is  about  three  miles,  and  varies  very 
little.  Above  Idllo  the  channel  suddenly  contracts  to  about  one- 
third  of  the  lower  width,  and  from  here  to  Antwerp,  a  distance  of 
12  miles,  the  decrease  in  width  of  the  channel  is  at  the  rate 
of  106  feet  per  mile  at  high- water  level,  and  89  feet  at  low  water. 

The  above  are  examples  of  rivers  more  or  less  in  a  natural 
condition ;  the  following,  of  rivers  which  have  been  improved  and 
their  width  made  uniform  by  training  works. 

The  Clyde  has  a  drainage  area  of  945  square  miles,  a  tidal 
run  of  30  miles,  and  a  range  of  tide  at  the  mouth  of  the  trained 
channel  of  11  feet,  and  depth  at  low  water  of  15  feet.  The 
tidal  water,  coming  up  the  Firth  of  Clyde,  flows  into  an  estuary 
about  three  miles  wide,  and  disperses  into  Loch  Long  and  Loch 
Oare  on  one  side,  and  up  the  Clyde  on  the  other.  At  Port 
Glasgow  the  channel  is  half  a  mile  wide  at  low  water,  and  two 
miles  at  high  water ;  decreasing  at  Dumbarton  Castle,  four  miles 
up  the  river,  to  1  mile  and  1000  feet  respectively,  or  at  the  rate 
of  1320  feet  for  the  high-water  level,  and  410  for  the  low  water. 
From  Dumbarton,  for  the  next  3^  miles  up  the  river,  the  decrease 
is  at  the  rate  of  110  feet  per  mile ;  and  for  the  next  8}  miles  to 
the  lower  end  of  the  harbour  at  Glasgow,  at  the  rate  of  27  feet 
per  mile,  the  width  here  being  370  feet 

The  Tyne  has  a  drainage  area  of  1142  square  miles,  a  tidal 
run  of  19  miles,  a  range  of  tide  of  14  feet,  and  depth  of  water 
at  low  water  of  20  feet  Taking  the  channel  as  1000  feet  wide  at 
Shields  and  400  feet  a  little  above  Newcastle,  or  say  for  a  length 
of  ten  miles,  the  average  decrease  is  at  the  rate  of  60  feet  in  a  mUe. 

The  Tees  has  a  drainage  area  of  750  square  miles,  a  tidal 
run  of  26  miles,  depth  at  low  water  of  from  8  to  10  feet,  and  range 
of  tide  15^  feet.  Taking  the  width  between  the  lower  end  of 
the  two  training  walls,  about  a  mile  above  the  breakwater,  at 
1100  feet,  and  as  552  feet  4^  miles  up  near  to  Middlesboroughj 
the  decrease  is  at  the  rate  of  122  feet  per  mile.  The  channel 
opens  out  for  the  last  1^^  mile  at  the  lower  end  at  the  rate  of 
360  feet  per  mile.  Above  Middlesborough  up  to  Stockton  the 
decrease  is  at  the  rate  of  about  42  feet  per  mile. 

The  Dee  has  a  drainage  area  of  862  square  miles ;  the  length 
of  the  tidal  run   from  the  bar  to  Chester  is  25  miles,  but 


136  TIDAL  RIVERS. 

spring  tides  run  over  a  weir,  and  for  a  distance  further  up  the 
river  of  about  7  miles.  The  range  of  tides  at  the  bar  is 
26^  feet.  The  open  estuary  from  the  Point  of  Ayr  contracts 
very  regularly  for  about  10  miles  at  the  rate  of  1584  feet  per 
mile  at  the  high-water  level.  The  low-water  channel  through 
the  sands  is  not  well  defined,  and  splits  into  two  main  channels 
at  the  lower  end.  For  the  first  4  miles  the  rate  of  decrease  is 
1160  feet  per  mile,  and  for  the  6  miles  above  this  the  decrease 
is  at  the  rate  of  141  feet  per  mile.  In  the  trained  portion  of 
the  channel,  the  low- water  channel  decreases  for  the  first  three 
miles  to  Queen's  Ferry  at  the  rate  of  55  feet  per  mile,  and  thence 
to  Chester,  6  miles,  at  the  rate  of  11  feet  per  mile.  From  the 
results  which  have  been  obtained,  the  rate  of  decrease  is  not 
sufScient  for  the  trained  portion  of  this  channel. 

The  Ribble  has  a  drainage  area  of  800  square  miles,  a  tidal 
run  of  about  20  miles  from  the  bar,  and  also  about  10  miles  up 
the  Douglas.  The  range  of  tide  is  27^  feet  at  the  bar.  This 
river  discharges  through  a  very  wide  sandy  estuary,  the  width 
at  the  upper  end  of  which  has  been  considerably  reduced  by 
enclosures  of  marshes,  but  the  embankments  have  improved  the 
form  of  the  estuary  by  making  the  coast-line  more  gradually 
converge  towards  the  upper  end.  The  width  between  St.  Anne's 
and  Southport  is  about  8  miles;  at  10  miles  above  this  the 
width  now  is  half  a  mile,  making  the  rate  of  decrease  about  4000 
feet  in  a  mile,  whereas  before  the  enclosures  the  decrease  was  only 
3300  feet  The  low- water  channels  are  divided  into  two,  but 
taking  the  width  of  the  two  together  at  the  lower  end  as  2000 
feet,  and  the  width  at  the  end  of  the  double  training  walls  as 
370  feet,  the  decrease  is  at  the  rate  of  200  feet  per  mile.  The 
channel  has  been  trained  for  5  miles,  down  to  the  junction  with 
the  DouglaSy  with  double  ti^aining  walls,  the  width  decreasing  at 
the  rate  of  20  feet  per  mile.  At  present  a  single  wall  only 
has  been  carried  down  for  about  6  miles  below  the  river  AsUand, 
but  it  is  intended  that  the  channel  shall  be  fined  so  as  to  decrease 
at  the  rate  of  98  feet  in  a  mile  over  this  length. 

The  Mass.  The  training  works  of  this  river  between  the 
North  Sea  and  Rotterdam  were  first  laid  out  at  the  lower  end  so 
as  to  decrease  at  the  rate  of  105  feet  per  mile.  This  was  found 
to  be  too  great  a  width  to  obtain  the  full  benefit  of  the  scouring 
action  of  the  water,  and  the  channel  has  since  been  regulated  so 
as  to  decrease  regularly  from  the  pier  ends  in  the  North  Sea  up 
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to  Rotterdam  at  the  rate  of  65*5  feet  per  mile,  the  width  at  the 
upper  part  being  984  feet,  and  at  the  lower  end  2296  feet.  The 
tidal  range  is  only  5  feet  6  inche& 

The  Seine  has  a  drainage  area  of  30,370  square  miles ;  a 
tidal  run  of  93  miles  from  the  lower  end  of  the  estuary,  and  79 
from  the  end  of  the  training  walls.  The  range  of  tide  is  23 
feet  at  Havre.  The  depth  at  low  water  in  the  trained  channel 
varies  from  10  to  25  feet  The  width  of  the  estuary  opposite 
Havre  is  5|  miles.  The  coast-line  decreases  to  3  miles  at  11 
miles  up,  but  the  width  of  the  estuary  at  the  present  time  may 
be  taken  at  1\  miles,  giving  a  rate  of  decrease  of  1000  feet  in 
the  mile.  The  low-water  channel  through  the  sands  is  split 
up,  but,  taking  the  line  of  deepest  water,  the  width  may  be 
taken  at  about  a  third  of  a  mile  to  half  a  mile,  there  being  very 
little  variation  in  this  width  throughout  the  whole  length.  The 
trained  portion  was  made  originally  2296  feet  wide  at  Berville, 
decreasing  to  1640  at  Tancarville,  4  miles,  or  at  the  rate  of  164 
feet  per  mile.  Over  the  next  21 J  miles  to  Si  Mailleraye,  where 
the  channel  is  820  feet  wide,  the  decrease  is  at  the  rate  of 
38  feet  per  mile.  Above  this  to  Rouen,  37  J  miles,  where  the 
width  is  500  feet,  the  channel  is  very  much  in  its  natural 
condition,  decreasing  at  the  rate  of  8j^  feet  per  mile.  The  width 
of  the  trained  channel  at  the  lower  end  has  not  been  found  suffi- 
cient for  the  easy  admission  of  the  tidal  water,  the  first  of  the 
flood  rushing  up  at  great  velocity,  causing  a  bore. 

The  Qironde  has  a  drainage  area  of  35,000  square  miles. 
The  range  of  tide  is  16f  feet  at  the  mouth,  and  18  feet  at 
Bordeaux.  The  depth  in  the  navigable  channel  at  low  water  at 
Bordeaux  is  about  7  feet ;  this  gradually  increases  to  3  and  4 
fathoms.  At  the  entrance  at  Royan  the  depth  is  from  10  to  16 
fathoms ;  it  then  shoals  again  to  4j^  and  5  fathoms,  and  increases 
at  its  junction  with  the  Bay  of  Biscay,  where  the  depth  is 
9  fathoms.  The  outfall  of  this  river,  like  that  of  the  Loire, 
consists  of  a  narrow  estuary  nearly  50  miles  in  length,  which 
contracts  very  much  at  its  termination  on  the  southern  side. 
The  coast  on  the  north  side  projects  considerably  beyond  that  on 
the  south  side.  The  distance  apart  between  the  two  extreme 
points  is  16  miles.  At  9  miles  up,  at  Royan,  the  width  of  the 
estuary  is  3  miles ;  it  then  suddenly  widens  out  5^  miles,  and 
continues  at  about  this  width  for  16  miles  to  Port  Maubei't.  At 
the  junction  of  the  Dordogne,  45  miles  from  Royan,  the  width  at 
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high  water  is  aboat  2j^  miles.  The  rate  of  convergence  firom 
Port  Maubert  is  592  feet  in  the  mile ;  from  there  to  Bordeaux, 
15  miles,  the  contraction  is  at  the  rate  of  120  feet  in  the  mile, 
the  channel  being  about  800  feet  wide.  The  level  of  high  water  at 
Bordeaux  is  about  2  feet  higher  than  at  the  mouth  of  the  estuary. 

The  Loire  is  607  miles  in  length,  being  the  largest  river  in 
France.  It  has  a  drainage  area  of  44,000  square  miles ;  a  tidal 
run  of  40  miles  from  the  outer  end  of  the  estuary  in  the  Bay  of 
Biscay;  a  range  at  spring  tides  of  15^  feet  at  the  lower  end, 
and  5^  feet  at  Nantes,  30  miles  up.  The  estuary,  which  is 
6^  miles  across,  contracts  to  about  1^  mile  at  St.  Nazaire, 
6  miles  above ;  it  then  immediately  widens  out  again  to  over 
2  miles,  maintains  the  same  width  for  about  10  or  11  miles,  and 
then  gradually  contracts.  The  average  rate  of  decrease  above 
St.  Nazaire  is  about  600  feet  in  a  mile  at  high  water,  and  254 
feet  at  low  water,  the  channel  being  about  700  feet  wide  at 
Nantes.  The  channel  of  the  river  below  Nantes  is  much 
encumbered  with  sandbanks,  and  very  irregular.  The  depth  of 
water  in  the  channel  is  not  more  than  3  feet  at  low  water  over 
the  shallow  places,  and  16  feet  at  high  water  of  spring  tides ;  a 
bar  stretches  across  the  mouth  of  the  estuary,  on  which  there  is 
only  9  feet  at  low  water.  Outside  the  bar  the  water  deepens 
rapidly  to  3  fathoms.  At  the  narrow  neck  of  St.  Nazaire  there 
is  a  deep  pool,  having  from  40  to  60  feet  at  low  water.  The  width 
of  the  upper  part  of  the  channel  has  been  regulated  by  training 
banks  between  Nantes  and  St.  Pellerin,  and  the  depth  has  much 
increased.  From  Pellerin  to  Pamboeuflf  the  course  of  the  river  is 
much  obstructed  by  shoals,  which  are  uncovered  at  low  tide.  A 
large  amount  of  dredging  has  been  carried  on,  and  the  shoalest 
part  of  the  river,  over  which  there  is  only  about  15  feet  at  high 
water,  has  been  reduced  to  about  four  miles.  The  bad  condition 
of  this  river  for  navigable  purposes,  and  its  inability  to  main- 
tain  a  deeper  channel,  is  due  to  the  want  of  convergence  in 
the  channel,  and  the  restricted  tidal  entrance  at  St.  Nazaire. 

The  Weser  is  355  miles  in  length,  has  a  drainage  of  18,000 
square  miles,  and  a  tidal  run  to  a  little  above  Bremen,  45  miles 
from  the  mouth.  The  rise  of  spring  tides  is  lOf  feet  at  the 
mouth,  and  4^  feet  at  Bremen.  The  tidal  portion  of  the  river  in 
its  natural  condition  was  very  irregular  in  width,  being  en- 
cumbered by  large  shoals,  which  in  several  places  divided  the 
deep-water  channel  into  two  parts.    It  has  recently  been  trained 
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and  deepened  between  Bremen  and  Bremerhaven  40J  miles. 
The  high-water  channel  increases  from  Bremen  at  the  rate  of 
110  feet  in  the  mile,  and  the  low-water  channel  at  the  rate  of 
78*66  feet  per  mile.  The  coast-line  below  Bremerhaven  spreads 
out  in  a  trumpet  form  for  10  miles,  increasing  at  the  rate  of 
3432  feet  in  the  mile,  the  low-water  channel  increasing  at  the 
rate  of  416  feet  in  the  mile. 

Straight  and  Curved  Channels. — ^A  river  in  its  natural  con- 
dition never  runs  in  a  straight  line,  but  in  a  series  of  bends  of 
varying  curvature,  depending  on  the  nature  of  the  soil  and 
obstruction  to  the  course  of  the  water. 

Abrupt  bends  are  detrimental  to  the  maintenance  of  rivers, 
causing  disturbances  to  the  flow  of  the  water  and  difficulties 
to  the  navigation.  Curves  of  large  radius  have  an  advantage  in 
tending  to  maintain  a  more  regular  deep-water  channel  than 
exists  in  straight  reaches. 

That  curved  channels  do  not  afford  any  serious  impediment 
to  navigation  may  be  inferred  from  the  fact  that  the  Thames, 
along  which  as  great  a  number  of  vessels  pass  as  on  any  river  in 
the  world,  and  over  the  lower  part  of  which  the  largest  passenger- 
steamers  afloat  are  daily  navigated,  has  no  less  than  fourteen 
bends  between  its  lower  reach  and  London  Bridge,  or  an  average 
of  one  bend  in  every  two  miles.  The  sharpest  curve  is  at  Black- 
wall,  and  has  a  radius  of  1914  feet,  with  a  width  of  channel  of 
1000  feet;  and  at  Qreenhithe  there  is  a  curve  of  3960  feet, 
with  a  width  of  channel  of  2000  feet 

In  the  Tyne,  in.  Shields  harbour,  the  river  bends  with  a  radius 
of  2000  feet,  with  a  width  of  900  feet ;  a  second  curve  near  the 
Northumberland  Dock  has  about  the  same  radius ;  and  near  Bill 
Point,  about  half-way  to  Newcastle,  are  two  curves  near  together, 
each  having  a  radius  of  1300  feet,  and  a  width  of  channel  of  650 
feet. 

On  the  lower  part  of  the  Clyde  there  were,  until  recently, 
two  curves,  one  at  Qarvel  of  3400  feet  radius,  and  one  at 
Cartsdyke  Bay  of  1850  feet  These  have  been  eased  to  4300 
feet  and  3700  feet  respectively,  the  width  of  the  channel  being 
600  feet,  and  the  depth  at  low  water  18  feet. 

On  the  Avon,  a  short  distance  below  Bristol  docks,  there 
were,  until  a  few  years  ago,  two  reverse  curves  close  together, 
having  a  radius  of  600  feet.  The  rocks  have  since  been  cut 
away,  and  the  radius  increased  to  1500  and  2500  feet.    The 
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horseshoe  bend  lower  down  this  river  has  two  curves  in  a 
distance  of  about  \\  miles,  the  radius  of  one  being  858  feet, 
and  of  the  other  1980  feet,  the  low- water  width  of  the  channel 
at  this  spot  being  264  feet.  Large  steamers  get  round  these 
curves,  but  with  diflSculty. 

The  curve  at  Swinefleet,  on  the  river  Ouse,  until  recently 
had  a  curve  of  1188  feet.  Owing  to  the  great  run  of  tide  at  this 
part  of  the  river,  from  5  to  6  knots,  this  curve  was  found  to 
give  trouble  to  the  steamers  going  up  to  Goole  docks,  the 
largest  of  which  were  about  1500  tons.  The  radius  of  this 
curve  has  now  been  increased  to  1683  feet,  with  a  channel 
750  feet  wide  at  low  water. 

In  the  Witham  the  New  Cut  is  curved  to  a  radius  of  8500 
feet,  with  a  low-water  width  of  200  feet,  and  no  difficulty  is 
found  in  lighting  this  channel  or  navigating  with  steamers  of 
3000  tons  capacity.  A  short  distance  below  the  entrance  to  the 
Boston  dock  the  river  has  a  bend,  having  a  curve  of  1056  feet 
and  a  width  of  only  120  feet.  Large  steamers  pass  round  this 
bend,  but  care  has  to  be  exercised  when  doing  so. 

On  the  Seine,  between  the  estuary  and  Rouen,  there  are  ten 
principal  curves,  five  of  which  describe  nearly  180  degrees.  The 
smallest  radius  of  these  curves  is  6562  feet,  but,  owing  to  the 
width  of  the  navigable  channel  varying  from  300  to  1100  feet, 
they  do  not  seriously  impede  the  navigation.  The  curve  at 
Tancarville,  in  the  trained  portion  of  the  channel,  has  a  radius 
of  8200  feet.  This  is  considered  to  be  less  than  it  should  be  at 
this  point,  as  the  currents  here  attain  a  velocity  of  over  8  feet  a 
second,  causing  violent  eddies,  troublesome  for  the  navigation 
and  unfavourable  to  the  transmission  of  the  tides. 

On  the  Garonne,  just  above  the  junction  with  the  Gironde, 
there  is  a  curve  of  17,160  feet  radius,  followed  by  one  of  10,560 
feet;  and  immediately  below  Bordeaux  one  of  3300  feet. 

The  Scheldt,  a  short  distance  below  Antwerp,  has  a  curve  of 
1250  feet  radius,  and  two  other  curves  between  there  and  Lillo 
nearly  as  sharp. 

The  Weser  has  five  curves  between  Bremen  and  its  mouth, 
the  sharpest  of  which  has  a  radius  of  4166  feet,  with  a  low- 
water  width  of  262  feet. 

The  smallest  curve  on  the  Suez  Canal  has  a  radius  of  3500  feet. 

On  the  Danube,  in  the  Sulina  Channel,  curves  of  800-feet 
radius  were  found  unworkable,  and  those  of  1200  feet  gave 
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trouble  to  the  longest  steamers  passing  through  the  channel. 
The  sharper  curves  were  therefore  increased  to  1600  feet  radius, 
with  a  low- water  width  of  370  feet. 

On  the  North  Sea  and  Baltic  Canal,  now  in  process  of  con- 
struction, and  which  is  intended  for  the  navigation  of  vessels  of 
the  largest  dass,  the  radius  of  the  curves  ranges  from  3281  to 
19,686  feet,  and  averages  9309  feet.  In  curves  under  8202  feet 
radius  the  navigable  width  is  increased  from  118  to  170  feet. 
Where  two  counter-curves  occur,  a  straight  line  has  been  in- 
terpolated About  thirty-seven  per  cent,  of  the  canal  consists  of 
curves. 

If  a  vessel  has  little  water  to  spare  under  her  keel,  it  renders 
the  navigation  of  curves  more  difficult,  she  being,  under  such 
conditions,  more  slow  in  answering  her  helm. 

EfEect  of  Deepening  and  Improving. — ^The  effect  of  deepening 
and  improving  rivers  is  to  increase  the  range  of  the  tide  and  the 
volume  of  tidal  water  passing  up  and  down  the  channel.  For 
example,  in  the  Thames,  the  waterway  of  old  London  Bridge 
was  so  restricted  that  the  sectional  area  of  the  water  through 
the  arches  was  less  than  half  that  of  the  channel  of  the  river, 
causing  the  flood  tide  to  be  6  inches  higher  on  the  lower  than 
the  upper  side,  and  the  ebb  to  be  from  3  to  5  feet  higher  on  the 
upper  than  the  lower  side.  The  removal  of  this  obstruction, 
the  dredging  away  of  shoals  at  Blackwall,  Dagenham,  and  other 
places  in  the  lower  reaches,  over  several  of  which  the  low  water 
had  only  half  its  normal  depth,  and  the  removal  of  about  a 
million  cubic  yards  of  gravel  and  sand  between  London  Bridge 
and  Yauxhall,  has  resulted  in  accelerating  the  time  of  high 
water  at  London  Bridge  about  half  an  hour,  in  lowering  the 
low-water  line  nearly  4  feet  at  London  Bridge  and  2  feet  at 
Teddington,  and  in  raising  the  line  of  high  water  between  those 
places  upwards  of  6  inches,  and  increasing  the  tidal  volume  in 
this  reach  twenty-five  per  cent. 

On  the  Tyne,  the  result  of  the  dredging  and  improvements 
made  in  the  channel  resulted  in  lowering  the  low-water  line 
6  feet  at  Blaydon,  15  miles  from  the  sea,  and  3  feet  6  inches  at 
Newcastle;  and  raising  the  line  of  high  water  at  the  same 
places  1  foot,  giving  an  increased  range  of  7  feet  and  4  feet 
6  inches  respectively,  and  adding  about  20  million  cubic  yards 
to  the  tidal  volume  at  spring  tides.  The  time  of  high  water  has 
been  advanced  three-quarters  of  an  hour,  and  the  first  of  flood 
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now  reaches  Newcastle  from  Shields  in  fifteen  minutes  as  against 
two  hours  and  a  quarter  formerly,  thus  increasing  the  velocity 
of  the  tidal  wave  from  4^  miles  an  hour  to  38  miles. 

On  the  Clyde,  the  low- water  line  has  been  depressed  8  feet 
at  Glasgow,  and  the  high-water  raised  10  inches,  making  a 
greater  range  of  tide  of  8  feet  10  inches.  The  time  of  high 
water,  as  compared  with  that  at  Port  Glasgow,  17^  miles  below, 
has  been  advanced  three-quarters  of  an  hour  since  1835,  and 
three  hours  since  the  beginning  of  the  present  century.  The 
first  of  the  fiood  now  reaches  Glasgow  in  about  an  hour  and  a 
half  after  leaving  Garmoyle  Light,  or  at  the  rate  of  9  miles 
an  hour.  Spring  tides  range  about  11  feet  2  inches  at  Glasgow, 
and  rise  1  foot  2  inches  to  1  foot  6  inches  higher  there  than  at 
Port  Glasgow,  and  ebb  out  4  to  9  inches  lower,  making  the  range 

1  foot  6  inches  greater  at  Glasgow. 

On  the  Seine,  the  low-water  has  been  depressed  in  the  river 

2  feet  6  inches,  the  high-water  line  remaining  the  same,  and  is 
level  with  that  in  the  estuary.  The  first  of  the  flood  reaches 
Rouen  an  hour  earlier  than  before  the  improvements  were  made. 
The  tidal  wave  of  the  first  of  the  flood  travels  from  Honfleur  to 
Rouen  at  a  rate  varying  from  7  to  25  miles  an  hour,  the  greatest 
rate  being  over  a  portion  of  the  river  which  is  20  feet  deep  at 
low  water.  The  results  would,  no  doubt,  be  greater  in  this  river 
if  the  tidal  water  had  a  free  access  into  the  chajinel. 

The  removal  of  the  shoals  in  the  Tay  between  Newburgh 
and  Perth  depressed  the  low-water  line,  and  caused  the  tide  to 
reach  Perth  an  hour  sooner,  but  did  not  afiect  the  level  of  high 
water.  So  also  the  removal  of  the  old  Cross  Keys  Bridge  across 
the  Nene  caused  a  depression  in  the  low  water  of  2  feet  3  inches, 
but  the  level  of  high  water  remained  the  same. 

Note. — ^After  this  chapter  was  in  print,  the  author's  attention  was  drawn  to  an 
incident  which  occurred  in  the  Garonne,  as  given  in  M.  Partiot's  book,  **  l^tude 
Bur  les  Bividres  a  Marees."  A  steamer  was  sunk  at  the  mouth  of  the  river  Gironde, 
opposite  Yerdon,  by  a  collision,  and  rested  on  her  keel  at  the  bottom  of  the 
channel,  the  masts  and  chimney  only  showing  at  low  water.  On  an  examination 
being  made  by  the  agents  of  the  salvors,  it  was  found  that  the  vessel  was  completely 
buried  in  sand,  the  sandbank  extending  about  100  yanls  fore  and  aft  of  the  vessel, 
and  50  yards  from  each  side.  Subsequently,  on  a  second  examination  being  made, 
it  was  found  that  the  sand  had  disappeared,  and  the  channel  was  so  scoured  out 
that  chains  could  be  passed  under  the  keel  of  the  vessel  at  either  end,  the  hull 
being  supported  only  in  the  middle.  The  first  examination  had  been  made  at  the 
end  of  the  ebb,  while  the  second  was  made  at  the  end  of  the  flood.  Soundings 
were  then  taken  at  every  hour  during  a  complete  tide,  when  it  was  found  that 
during  this  interval  the  vessel  was  alternately  covered  and  uncovered  with  sand. 
The  ebb  deposited  the  sandbank,  and  the  flood  removed  it  again. 


CHAPTER  VII. 

BARS  AT  THE  MOUTHS  OF  TIDAL  BIVEKS,  AND  LITTORAL.  DRIFT. 

In  a  paper  contribiited  to  the  Proceedings  of  the  Institution 
of  Civil  Engineers  in  1890,  the  author  divided  bars  into  four 
cdasses.* 

1.  Those  consisting  of  hard  material  not  affected  by  the 
scour  of  the  current. 

2.  Those  due  to  the  deposit  of  alluvial  matter  brought  down 
by  rivers  draining  large  areas  of  coimtry,  and  discharging  into 
tideless  seas,  or  where  the  rise  of  tide  is  very  small. 

3.  Casual  bars  of  shingle  or  sand,  occasionally  heaped  up  by 
the  action  of  the  waves  in  heavy  gales,  and  afterwards  displaced 
by  the  currents. 

4.  Bars  consisting  of  sand  or  shingle,  which,  while  per- 
manently retaining  their  general  features,  are  constantly  subject 
to  alteration  from  effects  caused  by  winds,  waves,  and  varying 
currents. 

To  this  arrangement  it  is  intended  to  adhere  in  this  chapter. 

A  bar  across  a  tidal  river  may  be  described  as  consisting  of 
one  or  more  banks  or  ridges  extending  across  the  entrance 
channel,  having  deeper  water  both  on  the  seaward  and  inner 
sides,  and  the  crest  rising  above  the  general  level  of  the  bottom 
of  the  channel  adjacent.  In  non-tidal  livers  the  bar  consists  of 
a  long  flat  shoal  at  the  mouth  of  the  river,  which  rises  so  far 
above  the  general  level  of  the  bottom  of  the  river,  both  at  the 
outfall  and  in  the  channel  above  the  shoals,  as  to  render  the 
channel  useless  for  that  class  of  navigation  for  which  otherwise 
it  would  be  fitted. 

Bars  are  not  common  to  all  rivera  At  the  mouths  of  most 
estuaries  with  sandy  bottoms  ridges  and  depressions  similar  to 

•  <«  Ban  at  the  MoathB  of  Tidal  Ettoaries/'  by  W.  H.  Wheeler,  Min.  Proe. 
LCB^  ToL  0. 
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bars  are  to  be  found,  but  in  many  cases,  owing  to  the  great 
depth  of  water  over  them,  they  cannot  be  deemed  bars.  In 
other  estuaries  where  well-defined  bars  exist,  the  crests  of  these 
do  not  rise  above  the  general  level  of  the  channel  inside,  and 
therefore  do  not  form  impediments  to  vessels  going  up  or  down 
the  channel.  The  approaches  to  the  Thames,  the  Humber,  the 
Forth,  the  Severn,  and  the  Scheldt,  are  all  encumbered  with 
large  beds  of  sand,  through  which  the  tidal  currents  always 
maintain  one  deep  low-water  channel  free  from  the  obstruction 
of  a  bar.     The  entrance  to  the  Seine  has  its  bottom  furrowed  by 

^ridges,  which  rise  from  1  to 
^  2  fathoms  above  the  hollows, 
but  as  there  is  from  6  to  7 
fathoms  on  the  crest  of  these 
ridges,  the  general  depth 
being  about  7  fathoms,  they 
cannot  be  considered  as  bars. 
On  the  Tees,  previous  to 
the  training  works  imme- 
diately outside  the  bar,  the 
depth,  as  shown  in  Fig.  13, 
was  21  feet  at  low-water 
spring  tides,  on  the  bar  there 
were  7  feet,  and  inside  30  feet.  At  1  mile  above  the  bar  the  water 
shoaled  to  9  feet,  at  2  miles  to  6  feet,  the  navigable  depth  con- 
tinuing to  shoal  above 
this.  In  this  case, 
therefore,  the  bar  was 
not  the  impediment 
which  prevented  vessels 
from  getting  up  the 
river,  although,  no 
doubt,  it  was  a  source 
of  danger  to  vessels  try- 
ing to  cross  it  in  rough 
weather  without  hav- 
ing a  sufficient  depth 
of  water  under  them. 
The  bar  which  ex- 
ists on  the  Kibble  (Fig.  14),  which  has  a  depth  at  low  water  of 
about  a  fathom  on  the  crest,  with  5  fathoms  on  the  sea  side 
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Fig.  18.— Section  of  bar  of  River  Tees. 
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Fxo.  14 — Section  of  bar  of  Biver  Bibble. 
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and  4  on  the  inner  fiide,  cannot  be  considered  as  an  impediment 
to  the  navigation,  as  the  channel  above  it  has  a  less  depth  for 
some  distance  than  is  found  on  the  crest  of  the  bar. 

The  bar  which  formerly  existed  on  the  Tyne  (Fig.  15)  had 
a  fathom  on  it  at  low  water,  with  9  fathoms  on  the  sea  side  and 
2  on  the  inside.    The  river  ^^t 

immediately  above  Shields  '  ^  ^ft  w  ^"^^^ 

harbour  had  only  from  4 
to  6  feet.  In  this  case, 
although  the  bar  might 
not  be  the  cause  of  pre- 
venting vessels  of  deep 
draught  navigating  the 
river,  yet  it  was  a  hin- 
drance to  navigation,  as 
inside  the  bar  there  was  a 
deep  pool  varying  in  depth 
from  23  to  10  feet  at  low 
water,  in  which  vessels,  al- 
though unable  to  navigate 
the  river  at  low  water, 
could  yet  lie  afloat  at 
moorings  waiting  for  a 
favourable  tide  or  weather.  The  bar  prevented  these  vessels 
from  proceeding  to  sea  at  low  water,  which  otherwise  they  could 
have  done. 

Bars  oomposed  of  Hard  MateriaL — Bars  of  the  first  class  consist 
of  a  shelf  or  ridge  running  across  a  river-mouth,  consisting  either 
of  stone,  very  hard  clay,  or  occasionally  of  large  boulders,  or 
shingle  cemented  together  with  clay.  Such  bars  can  only  be 
removed  by  dredging.  The  effect  of  the  removal  may  be  per- 
manent, or  the  surrounding  conditions  may  be  such  that  the 
hard  material  may  be  replaced  by  sand,  and  the  bar  reappear. 
An  example  of  this  was  quoted,  in  the  paper  referred  to,  by 
Mr.  Smith.  At  Aberdeen  harbour,  a  bar  consisting  of  boulder 
day  was  removed  from  the  entrance  channel  by  dredging. 
After  the  removal  of  the  clay  a  bar  formed  again,  and  continued 
to  do  so  as  often  as  dredged  away,  by  the  piling  up  of  heavy 
sea-sand  driven  in  by  the  waves  during  storms.  By  continual 
dredging  the  supply  of  sand  overlying  the  beach  of  boulder  day 
was  at  last  exhausted,  and  a  permanent  improvement  obtained 


Fio.  15.— Sectfcm  of  iMr  of  River  Tyne. 
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by  extending  the  deepening  in  continuation  of  the  line  of 
channel  outwards  for  nearly  half  a  mile  to  the  5-fathom  line. 

The  bar  across  the  mouth  of  Lough  Carlingford,  on  the  east 
coast  of  Ireland,  is  another  example  of  this  class.  It  consisted 
of  hard  clay  mixed  with  stones,  some  of  which  weighed  as  much 
as  4  tons.  Through  this  bar  a  channel  400  feet  wide,  with 
a  depth  of  from  14  to  18  feet  at  low  water,  was  dredged.  In 
this  case  the  result  was  permanent,  and  there  was  not  any 
reforming  of  a  new  bar. 

The  Tay  is  encumbered  with  an  inner  bar,  about  6  miles 
above  the  outer  bar,  consisting  of  boulders  and  hard  gravel  so 
heavy  and  compact  as  to  be  uninfluenced  by  the  currents.  The 
crest  is  4  feet  above  that  of  the  outer  bar. 

Bars  due  to  the  Deposit  of  Alluvial  Matter. — These  are  to  be 
found  in  tideless  rivers,  or  where  the  lise  and  fall  of  the  tide  is 
so  small  as  practically  to  render  the  river  non-tidaL  Numerous 
instances  of  such  bars  occur  at  the  mouths  of  the  rivers  dis- 
charging into  the  Mediterranean,  or  the  bays  along  its  coast, 
and  in  those  discharging  into  the  Gulf  of  Mexico,  in  both  of 
which  cases  the  rise  of  tide  is  less  than  2  feet ;  and  also  in  the 
Black  and  Caspian  seas,  which  are  tideless. 

In  tidal  rivers,  the  ceaseless  action  of  the  tides,  by  which  an 
enormous  volume  of  water  is  poured  into  and  discharged  from 
the  river  twice  every  day,  not  only  serves  to  keep  the  alluvial 
matter  contained  in  the  water  in  suspension,  but,  by  difiiising  it 
throughout  the  whole  volume  of  the  tidal  water  brought  in  on 
the  flood,  carries  the  greater  part  of  it  away  on  the  ebb  and 
deposits  it  in  the  deep  water  of  the  ocean.  In  a  non-tidal  river 
the  alluvial  matter  brought  down  the  channel  continuously,  and 
to  a  very  much  increased  extent  in  floods,  settles  at  the  mouth 
of  the  liver,  where  the  current  is  checked  and  the  velocity  is 
reduced  In  time  large  deltas  are  thus  formed,  through  which 
the  water  from  the  river  finds  its  way  to  sea  by  several  shallow 
channels. 

The  Tiber  and  the  Po  are  both  illustrations  of  the  incapacity 
of  non-tidal  rivers  to  maintain  their  outfiaJls,  the  beds  of  these 
rivers  being  so  much  raised  that  they  are  above  the  level  of  the 
country  through  which  they  pass.  The  Rhone,  which  flows 
through  a  channel  having  a  depth  of  40  feet  at  ordinary  seasons, 
and  discharges  into  the  Qulf  of  Foz  in  the  Mediterranean,  is  en- 
cumbered at  its  mouth  by  a  bar,  over  which  there  is  only  a  depth 
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of  6  feet  This  short  length  of  shoal  or  bar  entirely  deprives  this 
river,  in  its  natural  condition,  of  the  enormous  advantages  which 
it  possesses  as  a  navigable  inland  stream.  The  Nile  is  another 
illustration  of  a  river  which,  emptying  into  the  almost  tideless 
Mediterranean,  has  not  water  enough  at  its  mouth  to  enable  it 
to  be  navigated.  The  Mississippi  and  several  other  large  rivers 
discharging  into  the  Gulf  of  Mexico,  have  deltas  or  bars  at  their 
mouths.  These  bars  prevented  the  use  of  the  rivers  in  their 
natural  condition  for  such  navigation,  as  otherwise  they  are 
eminently  adapted.  The  example  of  the  Danube  discharging 
into  the  Black  Sea  is  too  well  known  to  require  further  notice. 
The  Volga,  which,  with  its  tributaries,  has  a  navigable  waterway 
of  about  7500  miles,  is  yet  so  encumbered  with  a  long  bar  at  its 
mouth,  where  it  enters  the  tideless  waters  of  the  Caspian,  that 
there  is  barely  8  feet  of  water. 

In  all  these  cases  the  rivers  have  formed  deltas  by  the  deposit 
of  the  alluvial  matter  brought  down  by  the  stream,  which  has 
been  deposited  owing  to  a  diminution  of  the  velocity  of  the 
current,  and  to  eddies  produced  by  the  outpouring  water  coming 
in  contact  with  the  littoral  currents. 

The  large  accumulations  of  sand  found  in  most  tidal  estuaries 
vary  considerably  both  in  their  composition  and  cause  of  deposit 
from  alluvial  deltas,  and  also  in  the  ffiM^t  that  they  are  in  situa- 
tions where  there  is  generally  a  considerable  rise  of  tide.  These 
sands  are  not  continually  accreting  and  forming  deposits,  but 
maintain  their  original  form  and  extent  in  a  more  or  less  stable 
state  so  long  as  the  natural  conditions  under  which  they  exist 
remain  unaltered.  In  the  more  open  sea  the  accumulations  of 
sand  may  be  drifted  along  the  coast  during  long-continued  gales 
and  form  casual  bars  at  the  mouths  of  the  rivers,  but  this 
material  will  be  transported  away  when  the  normal  conditions 
are  resumed.  For  example,  on  the  coast  on  the  south  side  of 
the  Straits  of  Dover  there  are  large  masses  of  sand  which, 
reaching  from  the  north-east  past  Ostend  and  Dunkirk,  extend 
southward  past  Calais  and  Boulogne.  A  strong  gale  fi'om  the 
north-east  causes  the  sea  to  be  so  rough  that  the  sand  stirred  up 
by  the  waves  is  drifted  and  deposited  in  the  comparatively  slack 
water  near  the  harbours,  forming  bars  across  their  mouths  which 
rise  several  feet  above  the  general  level  of  the  bottom  of  the 
sea.  These  bars  remain  until  gradually  dispersed  by  the  action 
of  the  waves  during  westerly  gales.    After  a  gale  lasting  three 
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days,  the  quantity  of  sand  deposited  at  the  end  of  the  pier  at 
Dunkirk  was  estimated  by  M.  Plocq,  the  engineer,  at  40,000 
cubic  yards. 

It  is  unnecessary  to  multiply  further  examples. 

Ban  at  the  Moutlis  of  Sandy  Estuaries. — This  form  of  bar  is 
the  type  most  frequently  met  with.  They  possess  features  of 
a  most  remarkable  character,  consisting  of  one  or  more  ridges  or 
mounds  of  material,  the  particles  of  which  have  not  the  slightest 
coherence,  yet  stand  with  a  slope  much  steeper  than  their  natural 
angle  of  repose.  Rising  in  some  cases  as  much  as  from  40  to 
50  feet  above  the  bottom,  they  maintain  their  positions  across 
channels  subject  to  a  tidal  rise  of  from  20  to  30  feet,  through 
which  currents  run  at  a  rate  of  from  3  to  4  knots,  and  the 
direction  of  which  is  reversed  four  times  every  day.  Exposed  to 
the  storms  and  waves  of  the  open  sea,  they  are  sometimes  partly 
dispersed  or  added  to,  altering  their  position  and  shape,  yet 
having  a  normal  condition  to  which  they  are  restored  when  the 
disturbing  causes  cease. 

The  most  remarkable  example  of  a  bar  of  this  class  is  that 
of  the  Mersey  (Fig.  16).     The  bar  extends  in  a  horseshoe  shape 
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Fio.  16.— Section  of  bar  of  BiTer  Mersey. 


across  the  channel,  which  is  here  a  mile  wide,  a  short  distance 
above  where  it  joins  the  open  sea,  from  a  mass  of  sandbanks  on 
either  side.  Its  length  is  about  three-quarters  of  a  mile,  and  on 
its  crest  at  low  water  the  depth  varied  from  7  to  15  feet,  while 
in  the  channel  on  the  inside  there  is  a  depth  of  about  8  to  9 
fathoms,  and  on  the  sea  side  of  7  fathoms.  During  the  last  50 
years  the  low-water  channel  of  the  Mersey  has  altered  its 
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position  three  times,  yet  every  new  channel  haa  been  accom- 
panied by  a  bar  of  sand  across  it,  notwithstanding  that  the  low 
water  on  the  inside  runs  through  a  deep  rocky  channel  having 
a  depth  of  from  30  to  50  feet,  and  the  range  of  tide  in  high 
spring  tides  is  30  feet. 

The  river  Dee,  which  discharges  on  the  same  part  of  the 
coast  as  the  Mersey,  has  two  outlets  into  Liverpool  Bay,  both 
of  which  have  sandbara     In  the  Welsh  Channel  there  are  two 
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bars,  having  about  18  feet  on  their  crests  at  low  water,  and  28 
feet  between  them,  deepening  at  the  sea  end  to  34  feet*  and  on 
the  inside  to  28  feet,  and  at  a  little  distance  above  to  a  deep 
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hole  having  from  9  to  10  fathoma  The  bar  of  the  channel  by 
the  Helbre  Swash  has  16  feet  on  its  crest  at  low  water,  and  55 
feet  on  the  outside,  and  27  feet  on  the  inside,  also  deepening  in 
one  place  to  8  and  9  fathoms  (Fig.  17). 

The  bar  at  the  mouth  of  Boston  Deeps  (Fig.  18)  is  a  type 
of  a  rather  different  character.    The  Wash,  on  the  east  coast,  is 

divided  into  two  parts  at 
low  water  by  a  long  narrow 

/▼  V         V  ^'    bank   of  sand,   which  ex- 

^>i        ^  ^      tends  for  15  miles  between 

the  two  channels.  The  sides 
of  this  sand  at  the  lower 
end  are  so  steep  as  to  be 
nearly  vertical,  there  being 
a  depth  of  over  3  fathoms 
at  low  water  close  up  to  the 
sand.  Lynn  Deeps,  on  the 
south  side,  is  7  miles  wide 
at  the  mouth,  and  has  a 
depth  of  from  13  to  15 
fathoms  at  low  water  spring 
tide.  Boston  Deeps,  on  the 
north  side,  is  only  a  quarter 
of  a  mile  wide  at  the  mouth,  and  has  a  bar  with  only  2 
fathoms  on  it  at  low  water  spring  tide.  This  bar  extends  over 
a  length  of  about  a  mile,  and  consists  of  three  ridges  of  sand, 
which  are  so  narrow  that  the  depth  of  water  within  a  single 
cast  of  the  lead  varies  a  fathom.  Spring  tides  rise  23  feet  and 
set  over  the  bar.  The  channel  shoals  from  5  fathoms  on  the 
inside  to  2  fathoms  on  the  bar,  and  then  deepehs  to  4|  fathoms 
outside.  The  ridges,  although  continually  altering  their  form,, 
maintain  a  general  uniformity. 

Bars,  although  retaining  their  character  as  bars,  may  yet 
alter  their  position  due  to  gales  and  other  causes.  Thus  th& 
sandbar  which  formed  inside  the  north  pier  of  Aberdeen,  where- 
the  exposure  is  north  to  north-east,  was  driven  up  the  harbour 
during  heavy  weather  and  strong  gales  from  the  north-eastw  If 
there  happened  to  be  a  dry  season,  and  the  ebb  current  slackened^ 
it  was  driven  further  up  the  harbour ;  but  in  calm  weather  and 
with  heavy  freshets  inside,  it  was  shifted  down  nearer  the  sea. 
At  the  small  harbour  of  Valery-en-Caux  there  is  a  continual 
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traret  of  shtDgle  across  the  entrance  from  the  west,  but  under 
ordinary  conditions  the  tidal  flow  is  able  to  maintain  a  channel. 
When,  however,  there  is  a  long  continuance  of  westerly  winds, 
the  entrance  is  sometimes  completely  closed,  and  an  opening 
throogh  it  has  to  be  made  by  manaal  labour.  When  strong 
easterly  gales  blow  for  any  length  of  time,  the  surf  drives  the 
shingle  from  the  entrance,  lowering  the  bar  and  clearing  the 
channel.  The  collection  of  shingle  here  is  assisted  by  an  eddy 
current  called  the  sciade,  formed  by  the  flood-tide,  which  swirls 
roond  the  pier  heads  and  ia  increased  in  force  when  the  move- 
ment of  shingle  is  greatest  dnring  westerly  winds. 

The  ahingle-bsrs  on  the  south-east  coast  frequently  alter 
their  position  due  to  gales.  Thus  at  Lowestoft,  if  the  wind 
continues  for  a  long  time  from  the  north-east,  the  shingle  ac- 
cumulates across  the  mouth  of  the  harbour  to  an  extent  that 
considerably  detracts  from  the  depth  of  the  channeL  At 
Southwold  north-east  winds  increase  the  height  of  the  bar, 
sometimes  to  such  an  extent  as  to  leave  it  dry  at  low  water, 
and  when  the  winds  are  from  the  opposite  direction,  leaving 
several  feet  of  water  over  it  Both  at  Orford  Haven  and  at 
the  month  of  the  Dehen  the  shape  and  position  of  the  bars  are 
continually  changing. 

Formation  of  Sandbara. — A  tidal  bar  assumes  the  form  of  a 
ridge,  having  deep  water  on  either  side.  The  ridge,  being  once 
formed,  aids  in  its  own  maintenance.  As  already  pointed  out, 
sand  is  moved  in  im  estuary  in  a  series  of  ripples  or  ridges, 
having  a  long  slope  on  the  upper  side,  or  that  from  which  the 
current  is  coming,  and  a  steep  face  on  the  down  side.  Over 
this  steep  face,  or  tip,  the  particles  of  sand  are  rolled.    In  a 


tidal  channel  where  the  current  is  continually  being  reversed, 
the  position  of  this  face  varies  with  the  direction  of  the  Ude. 
At  the  foot  of  the  ridge  a  rotary  or  screwing  motion  is  set  up. 
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which  whirls  the  particles  of  material  round  the  bottom  of  the 
hollow,  continually  tending  to  scour  it  deeper.  The  current, 
moving  forward  along  the  bottom,  is  deflected  upwards,  and  rolls 
the  particles  up  and  over  the  ridge  as  shown  in  the  illustration 
(Fig.  19).  The  motion  of  the  sand  as  here  described  may  be 
distinctly  seen  in  the  working  model  of  a  tidal  estuary  hereafter 
described 

Channels  where  Bars  are  absent — Bars  having  been  once  formed 
and  subsequently  maintained  by  the  action  set  up  by  their 
shape,  if  removed  by  dredging,  are  not  liable  to  be  reformed, 
unless  in  situations  where  there  is  a  strong  littoral  drift  and  the 
ebb  current  is  not  sufficient  to  keep  this  out  of  the  channel 
The  conditions  most  favourable  to  the  absence  of  bars  are  those 
where  the  estuary  assumes  a  funnel-shaped  form,  decreasing  in 
width  and  depth  from  the  mouth  upwards ;  when  the  momentum 
of  the  tide  is  not  unduly  checked ;  when  there  is  a  free  propaga- 
tion and  long  tidal  run ;  when  the  ebb  cun*ent  is  so  directed  as 
to  have  a  preponderating  force  over  the  flood  in  the  removal  of 
material ;  and  when  the  outfall  channel  is  continued  into  deep 
water. 

Theories  as  to  the  Cause  of  Bars. — It  has  been  maintained  that 
bars  are  due  to  the  detritus  carried  in  suspension  by  a  river 
when  it  enters  the  sea,  either  from  the  sickening  of  the  velocity 
of  the  current  owing  to  increased  area ;  or  to  the  meeting  of  two 
currents  which  neutralize  each  other;  or  to  the  eflect  of  the 
inflowing  tidal  water,  which,  from  its  specific  gravity  being 
greater  than  that  of  fresh  water,  checks  the  lower  stratum  of  the 
ebb  current  and  causes  deposit ;  also  to  a  conflict  caused  by  the 
meeting  of  the  flood  and  ebb  currents ;  and  to  an  insufficiency 
of  back  water. 

With  regard  to  the  first  theory,  this  is  so,  as  already  pointed 
out^  in  non-tidal  rivers.  In  a  tidal  river,  where  the  current  is 
continually  being  reversed,  the  particles  of  matter  brought  down 
in  suspension  from  the  upper  reaches  of  a  river  are  too  light  to 
form  a  bar,  but  remain  diffused  amongst  the  tidal  water  until 
deposited  in  the  sea.  The  material  of  which  tidal  baj^s  are 
formed  consists  of  shingle  or  sand,  the  particles  of  which  are 
too  large  and  too  heavy  to  remain  in  suspension. 

As  to  bars  being  formed  by  the  conflict  caused  by  the  meet- 
ing of  the  ebb  and  flood  currents,  and  that  the  bar  is  the  nodal 
point  where  this  conflict  takes  place,  and  that  at  this  pla<;e  the 
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matter  in  suspension  is  deposited,  the  answer  is  that  there  is 
no  one  defined  place  where  the  action  of  the  tidal  currents  is 
reversed,  but  this  position  varies  with  the  condition  of  the  tides, 
whether  spring  or  neap ;  and  as  the  matter  in  suspension  is  not 
that  of  which  bars  are  composed,  if  such  a  nodal  point  existed, 
it  would  not  be  the  cause  of  the  bar.  The  continued  reversal  of 
the  current  has,  no  doubt,  a  material  effect  in  maintaining  the 
bar,  but  is  not  the  cause. 

The  theory  that  attributes  bars  to  the  conflict  occasioned  by 
the  meeting  of  the  fresh  and  salt  waters  seems  disposed  of  by 
the  fact  that,  while  the  bar  remains  practically  in  the  same 
position,  the  point  where  the  fresh  and  salt  waters  meet  varies 
with  every  tide  and  the  amount  of  fresh  water  coming  down 
the  river. 

Importance  has  been  attached  to  the  volume  of  fresh  water 
coming  down  a  river  as  affecting  bars.  Where  the  estuary  is 
small  as  compared  with  the  magnitude  of  the  river,  and  the  bar 
near  to  its  mouth,  land  floods  may  increase  the  depth  over  the 
bar,  even  at  high  water,  and  also  the  scouring  action.  Thus,  in  the 
Yare  at  Yarmouth,  in  heavy  land  floods  the  depth  of  the  water 
over  the  bar  at  low  water  is  as  great  as  at  ordinary  spring  tides. 
In  the  Ganges,  although  the  rise  of  tide  is  as  much  as  17  feet,  yet 
the  volume  of  water  discharged  in  floods  is  so  enormous  as  to  over- 
ride the  tidal  wave,  and  at  such  times  the  downward  flow  never 
ceases.  The  bar  at  the  mouth  of  the  Douro  is  considerably  im- 
proved by  land  floods,  which  are  exceptionally  heavy  at  times, 
being  1500  times  as  great  in  volume  as  the  ordinary  flow.  The 
outfaU  of  this  river  is  protected  by  a  wall  which  runs  out  on 
the  north  side.  The  detritus  drifted  along  the  coast  accumu- 
lates at  the  end  of  this  wall  and  forms  the  bar,  the  depth  of 
water  on  which  varies  from  14  to  17  feet.  The  rise  of  spring 
tides  is  about  11  feet,  whereas  heavy  land  floods  have  been 
known  to  rise  more  than  33  feet,  and  have  been  reported  as 
running  down  the  channel  at  the  rate  of  16  knots — b,  velocity 
which,  however,  probably  has  been  over-estimated.  The  dis- 
charge of  the  fresh  water  during  these  floods  is  twenty-eight 
times  as  great  as  the  tidal  water  at  spring  tides  (^Min.  Proc. 
l.C.K,  vol  Ivii.). 

The  bulk  of  the  material  brought  down  by  land  floods  in 
tidal  rivers  which  are  navigable,  as  distinguished  from  mountain 
torrents,  is  of  an  alluvial  character,  and  remains  in  suspension  as 
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long  as  the  water  is  in  motion.  There  is,  however,  a  certain 
proportion  of  sand  which,  in  a  heavy  flood,  may  be  carried  to 
the  bar,  and  for  a  time  add  to  it;  but  the  probability  is  that  in 
such  a  case  there  would  be  an  increase  in  the  volume  and  force 
of  the  ebb  sufficient  to  carry  these  particles  over  the  crest  and 
out  to  sea.  In  heavy  land  floods,  material  may  also  be  washed 
out  of  the  upper  part  of  an  estuary,  and  be  carried  down  to  the 
bar  and  remain  there.,  An  example  of  this  is  aflbrded  by  the 
Mersey.  The  upper  estuary  of  this  river  consists  of  a  large  area 
of  sand,  deposited  there  like  other  similar  beds,  when  the  river 
and  estuary  received  its  present  form.  Additional  sand  and 
detritus  is  brought  down  by  the  river  in  floods,  and  supplied 
from  the  erosion  of  the  cliffs.  Material  is  also  carried  out  of  it 
by  heavy  floods  and  the  ebb  current,  so  that  the  area  and 
amount  of  material  in  the  estuary  is  kept  at  a  normal  quantity. 
Periodical  surveys  indicate  that  at  times  it  increases  and  at 
others  decreases,  but  over  a  long  period  of  time  it  retains  its 
original  features.  This  is  a  condition  common  to  most  sandy 
estuaries.  Whenever  there  have  been  heavy  and  long-continued 
freshets  down  the  Irwell  and  the  Mersey,  the  course  of  the 
channels  through  the  estuary  has  been  changed  and  the  sand 
disturbed.  The  ebb  has  been  sufficiently  powerful  to  carry  a 
certain  quantity  of  this  sand  down  to  the  bar,  but  not  to  lift  it 
all  over  the  crest.  Under  these  conditions,  it  has  been  found 
that  after  heavy  freshets  the  bar  has  increased,  in  height,  and 
the  depth  of  water  over  it  decreased.  On  the  resumption  of 
the  normal  flow  it  has  gradually  deepened  again,  but  had  not, 
up  to  the  time  when  the  present  dredging  operations  began, 
recovered  the  effect  of  the  last  long-continued  rains  which  oc- 
curred for  several  years  in  succession,  and  when  it  was  estimated 
that  nearly  6  million  cubic  yards  had  been  transported  from  the 
estuary.  The  heights  on  the  bar,  and  further  details  as  to  this 
estuary,  will  be  found  in  the  description  of  the  river  Mersey 
given  afterwards. 

Generally,  in  tidal  rivers,  the  size  of  the  estuary  is  such  that 
the  land  water  bears  a  very  small  proportion  to  that  of  the  tidal 
water.  The  fresh  water  coming  into  an  estuary  at  its  upper 
end  in  floods  takes  up  space  that  under  normal  conditions  would 
be  occupied  by  water  brought  in  by  the  tide.  The  supply  of 
tidal  water,  being  unlimited,  fills  the  space  available  for  it  to 
occupy ;  if  any  portion  of  this  space  is  occupied  by  fresh  water, 
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there  is  so  much  less  room  for  the  tidal  water.  The  fresh-water 
level  is  raised  and  driven  back  up  the  river,  but  the  level  of 
high  water  in  the  lower  part  of  the  tidal  estuaries  of  this  country, 
with  few  exceptions,  remains  unaltered  during  the  heaviest  land 
floods.  The  river  may  be  incapable  of  discharging  the  fresh 
water  brought  down,  causing  its  banks  to  overflow  and  the 
country  to  be  flooded  ;  but  while  this  is  occurring  in  the  upper 
part  of  the  river,  the  level  of  high  water  in  the  estuary  may 
only  attain  the  height  due  to  ordinary  tidal  action.  So  far  as 
the  channel  is  confined,  the  volume  and  depth  of  the  latter  part 
of  the  ebb  will  be  greater  than  under  normal  conditions ;  but 
when  the  fresh  water  enters  the  open  estuary,  the  quantity 
discharged  is  so  small  as  compared  to  the  volume  of  the  tidal 
water,  that  the  quantity  passing  out  over  the  bar  wiU  be 
practically  the  same  whether  freshets  prevail  or  not. 

The  fact  that  a  bar  remains  permanently,  and  that  land 
floods  are  intermittent,  disposes  of  the  theory  that  they  are  the 
governing  factor  in  maintaining  the  outfaU. 

It  cannot  with  reason  be  said  that  the  smallness  of  the 
watershed  of  the  Mersey,  which  drains  only  1706  square  miles, 
is  the  cause  of  its  bar.  The  volume  of  tidal  water  flowing 
through  its  channel  continuously  is  calculated  to  be  500  million 
cubic  yards  each  tide,  as  compared  to  2  million  cubic  yards  due 
to  occasional  land  floods.  The  total  quantity  of  tidal  water 
which  passes  and  repasses  over  the  sandbanks  between  New 
Brighton  and  Formby  Point  is  1520  million  cubic  yards. 
Nor  can  the  bar  of  the  Tay  be  ascribed  to  a  deficiency  of  fresh 
water,  this  river  having  the  greatest  discharge  for  its  drainage 
area  of  any  river  in  Great  Britain,  and  almost  equal  to  the 
Thames ;  yet  the  quantity  of  tidal  water  was  estimated  by  Mr. 
Stevenson  to  be  forty  times  as  great  as  that  of  the  freshets.  In 
a  large  river  like  the  Thames,  it  would  be  difficult  to  prove  that 
the  absence  of  a  bar  was  due  to  the  ordinary  fresh-water  flow, 
or  to  occasional  land  floods,  when  the  quantity  of  water  flowing 
even  as  high  up  as  between  Teddington  and  Oravesend  is  nine 
times  as  great  as  that  due  to  the  freshets  in  heavy  land  floods ; 
or  in  the  Humber,  where  the  discharge  in  heavy  freshets  is  only 
about  one-eighth  of  the  tidal  flow.  This  river  also  affords 
evidence  against  the  theory  that  bars  are  due  to  material  brought 
down  the  stream,  as  no  river  in  this  country  carries  so  large  an 
amount  of  alluvial  matter  in  suspension  as  the  tributaries  of  the 
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Humber.    It  is  unnecessary  to  give  other  instances,  as  this 
master  has  already  been  fully  dealt  with. 

There  are  bars  at  the  mouths  of  channels  in  estuaries  situated 
so  far  from  the  river  that  it  is  impossible  that  they  can  be 
caused  by  fresh-water  deposits.  The  bar  at  the  entrance  to 
Boston  Deeps  may  be  taken  as  an  example.  It  is  situated  20 
miles  away  from  the  mouths  of  the  two  rivers  which  discharge 
into  this  part  of  the  estuary.  The  quantity  of  fresh  water  is  so 
small  as  compared  to  the  tidal  volume  that  it  becomes  difiused 
amongst  it,  and  any  influence  is  lost  a  long  distance  above  the 
bar.  The  material  brought  down  in  suspension  is  deposited  on 
the  shores  of  the  coast,  the  growth  of  the  salt  marshes  being 
sufficient  to  account  for  the  quantity  of  alluvial  matter  brought 
down.  The  bar  of  Dornoch  Firth  is  also  another  instance.  The 
bar  of  this  river,  as  described  by  Mr.  Stevenson,  is  formed  o£ 
pure  sand,  and  is  situated  14  miles  seaward  of  the  point  where 
the  river  Oykell  enters  the  estuary.  The  magnitude  of  the 
firth  as  compared  to  the  river,  the  high-water  area  at  Whitness 
Point  being  fifty  times  greater  than  at  Bourn  Bridge,  precludes 
the  formation  of  this  bar  from  being  due  to  the  small  quantity 
of  detritus  brought  down  by  the  river. 

The  subject  as  to  the  formation  of  bars  was  thoroughly 
discussed  at  the  Institution  of  Civil  EDgineers,  the  almost 
unanimous  opinion  of  the  engineers,  both  English  and  foreign, 
who  took  part  in  the  debate  so  entirely  accorded  with  the  views 
set  forth  in  the  paper  laid  before  the  Institution  by  the  author, 
that  these  may  be  taken  as  mainly  correct. 

The  existence  of  tidal  bars  is  d\ie  to  the  action  of  the  sea, 
and  not  to  that  of  the  land  water.  And  the  chief  factors  in 
their  maintenance  are  tidal  currents  and  on-shore  gales. 

For  their  foimation,  it  is  necessary  that  the  bed  of  the  estuary 
and  of  the  adjacent  sea  should  consist  of  sand  or  shingle ;  and 
that  the  depth  of  water  should  be  sufficiently  shallow  to  allow 
of  the  action  of  waves  and  tidal  currents  on  the  bed. 

Bars  owe  their  origin  and  existence  to  the  balance  of  forces, 
which  was  established  when  the  coast-line  and  estuary  assumed 
their  original  form.  These  are  forces  which  have  continued  to 
operate  ever  since,  and  which  tend  to  build  up  or  disperse  them. 
The  balance  of  forces  originally  set  up,  however,  still  continues. 

On  coasts  where  there  is  a  travel  of  material  along  the  shore, 
it  is  drifted  in  its  course  across  the  opening  in  the  coast-line 
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which  forms  the  outlet  for  the  river.  The  flood  tide^  setting 
through  this  opening  into  the  estuary,  tends  to  carry  the  material 
with  it ;  the  ebb  tide,  on  the  other  hand,  tends  to  carry  it  back 
and  disperse  it  into  the  deep  water  of  the  sea. 

Wherever  there  is  any  considerable  motion  of  the  water 
where  the  bottom  of  the  sea  is  mobile,  the  material  invariably 
lies  in  ridges,  these  in  some  cases  being  of  considerable  height. 
Bars  may  therefore  exist  across  the  mouths  of  rivers  where 
there  is  no  drift  along  the  shore,  the  sand  being  thrown  up  and 
assuming  the  form  of  a  ridge  or  ridges,  and  thus  forming  a  bar 
by  the  action  of  the  wind,  waves,  and  the  tidal  current,  and 
being  maintained  by  the  action  which  its  form  sets  up. 

Bars  may  also  exist  in  situations  off  the  coast  where  no 
river  intervenes.  One  instance  of  this  is  found  in  the  English 
Channel  off  Portland  Bill  The  beach  here  is  steep  and  covered 
with  shingle ;  the  tide  sets  with  great  force,  and  at  a  velocity 
at  the  rate  of  5  to  7  knots,  round  the  projection  known  as  the 
Bill,  causing  tremendous  whirls  and  eddies.  At  some  distance 
from  the  shore  is  a  succession  of  pebble  ridges,  varying  in  height 
from  5  to  9  fathoms,  forming  the  bar  to  the  bay.  With  northerly 
winds  the  distance  of  these  ridges  may  be  2  miles  from  the 
shore,  with  overfalls  beyond  that  distance,  and  with  southerly 
winds  they  scarcely  exceed  half  a  mile  from  the  Bill,  the  depth 
of  the  water  being  from  10  to  20  fathoms  at  low  water. 

Where  the  water  at  the  mouth  of  a  river  is  shallow,  and  the 
quantity  of  material  being  moved  along  the  shore  great,  the 
effect  may  be  to  form  such 
a  continued  bar  across  the 
outfaU  as  to  divert  it  en- 
tirely from  its  original 
course.  In  this  case  the 
balance  of  forces  has  been 
disturbed.      Examples    of 

this  case  are  to  be  found  in 

the  Yare,  on  the  Norfolk    *  "^^iHE£^XRiiiouTH::R^?-;^^ 

coast  (Fig.  20),  where  the  fio.2o.-pim  of  RiTerY«.  " 

travelling  sand  and  shingle 

has  driven  the  mouth  of  the  river  nearly  three  miles  from  its 
original  course.  Also  in  the  small  rivers  Aide  and  Ore,  lower 
down  on  the  same  coast  (Fig.  21),  which  approach  within  73 
yards  of  the  sea  near  Aldborough,  and  there  have  been  deflected 
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by  the  travelling  sbingle  abruptly  south- west,  and,  after  runnitig 
parallel  with  the  coast,  finally  find  an  opening  into  the  sea  9 
miles  lower  down.  In  many  parts 
the  new  channel  is  separated  from 
the  sea  by  a  ridge  in  places  only 
about  70  or  80  yards  wide  ;  and 
maintains  a  depth  throughout  at  low 
water  varying  from  12  to  30  feet,  the 
bar  at  the  entrance  having  9  feet. 

The  Adur,  on  the  Sussex  coast,  is 
another  example.  The  shingle,  mov- 
ing along  the  beach,  has  forced  the 
outfalt  4  miles  eastward.  In  all  these 
cases  the  direction  of  movement  coin- 
cides with  the  direction  of  the  flood 
tide,  and  is  most  active  with  those 
gales  which  have  the  most  efiect  in 
producing  high  tides. 

Effect  of  Contour  of  Coait-line  on 
Ponnation  of  Bat§. — Where  the  bed  of 
the  ocean  deepens  rapidly  away  from 
the  mouth  of  the  estuary,  the  particles 
of  material  moving  along  the  coast 
are  less  eaaily  carried  into  the  channel 
by  the  flood,  and  are  more  readily 
F,o.«.-pi«,<.rmv„AMe.  transported  from  it  by  the  ebb.  It 
is  not  to  be  expected,  therefore,  that 
bars  wUl  he  found  in  such  situatioiis. 

Deep  bights,  gradually  increasing  in  width  and  depth 
towards  the  ocean,  are  tmfavourable  to  the  formation  of  bars. 
On  the  other  hand,  an  estuaiy  which  has  its  connection  with 
the  sea  on  a  low  tlat  coast  at  right  angles  to  the  direction  of 
the  tidal  current  in  the  ocean,  is  disadvantageously  placed  for 
keeping  its  entrance  clear.  The  difficulty  is  further  increased 
when  the  water  has  to  find  its  way  to  sea  across  a  beach  en- 
cumbered with  sand,  as  is  the  case  all  along  the  east  side  of  the 
Irish  channel,  where  the  tidal  currents  have  continually  to 
contend  with  an  immense  mass  of  moving  material,  liable  to  be 
displaced  at  every  gale. 

A  shallow  bay,  in  which  the  tide  runs  more  slack  than  in 
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the  offing,  is  almost  always  productive  of  a  bar  at  the  mouth  of 
an  estuary  having  its  connection  at  its  head.  An  example  of 
thb  was  afforded  by  the  Tees  in  its  natural  condition.  The 
estuary  of  this  river  discharges  into  a  shallow  bay  on  the  east 
coast,  in  which  a  sandbank,  having  only  from  3  to  7  feet  of 
water  over  it  at  low  water  spring  tides,  existed  previously  to 
the  breakwaters  and  training  walls  being  constructed. 

A  prominent  projection  of  the  coast-line  on  the  side  from 
which  the  flood  tide  comes,  causes  the  current  to  run  round  it 
with  sufficient  velocity  to  prevent  the  deposit  or  continuance 
of  material  at  the  mouth.  Such  is  the  case  with  the  Humber. 
The  tide  setting  from  the  north  flows  round  Spurn  Point  into 
the  estuary  at  the  rate  of  4  knots,  and  maintains  a  navigable 
channel  3  miles  wide  and  three  fathoms  deep,  the  lower  side  of 
the  entrance  consisting  of  a  large  area  of  sandbanks.  In  the 
Tay,  however,  the  outfall  of  which  is  situated  at  the  head  of  a 
bight,  having  from  6  to  7  fathoms  close  in  shore,  and  which  has 
a  prominent  projection  of  the  coast-line  known  as  Buddan  Ness 
on  the  side  from  which  the  tides  set,  is  encumbered  with  sand- 
beds  which  extend  out  into  the  bay  from  2  to  3  miles,  and 
there  is  a  well-developed  sandbar.  The  tidal  flow  is,  however, 
impeded  in  its  course  into  the  estuary  by  a  hard  ridge,  which  is 
not  amenable  to  scour. 

In  the  Firth  of  Forth,  where  there  is  no  bar,  the  coast-Une 
on  the  south  side  projects  nearly  15  miles  beyond  that  on  the 
north,  from  which  the  direction  of  the  flood  sets.  The  estuary 
is  trumpet-shaped,  the  deepest  water,  27  fathoms,  being  in  the 
centre,  and  shallowing  to  about  12  where  the  estuary  widens  out. 

The  estuaries  of  the  Thames  and  Lynn  WeU,  neither  of 
which  is  encumbered  by  a  bar,  have  projecting  coast-Unes  on 
the  lower  or  opposite  side  to  the  direction  from  which  the  tide 
comes.  The  outfall  of  the  Seine  is  situated  in  the  bight  of  a 
bay  having  a  considerable  projection  on  the  east  or  opposite 
side  to  the  direction  of  the  set  of  the  tide,  past  which  it  runs 
with  considerable  velocity  across  the  mouth  of  the  estuary.  The 
Scheldt  discharges  on  a  low  flat  coast,  where  the  rise  and  fall  of 
the  tide  is  small  The  Shannon  and  the  Bristol  Channel  have 
each  natural  projections  which  guide  the  tide  directly  into  their 
estuaries,  which  gradually  decrease  in  width.  None  of  these 
estuaries  have  bars. 

Littoral  Drift — The  drift  of  material  along  the  shore  is  almost 
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invariably  in  the  same  direction  as  the  set  of  the  flood  current. 
Gales  which  blow  in  the  same  direction  as  the  set  of  the  flood, 
or  rather  gales  blowing  obliquely  on  shore  and  acting  with  the 
flood  current,  raise  the  largest  tides  and  the  largest  waves ;  and 
consequently  cause  the  greatest  amount  of  erosion  on  the  cliffs, 
and  provide  the  greatest  quantity  of  material  for  drift.  The 
maximum  of  effect  of  erosion  and  disturbance  is  at  a  high  spring 
tide,  with  heavy  on-shore  gales. 

The  material  broken  up  from  the  beach  or  eroded  from 
the  cliffs  is  incessantly  rolled  about  until  the  pieces  become 
diminished  in  size  from  broken  masses  of  rock  or  large  flints 
released  from  the  chalk  cliffs  to  pebbles,  gradually  decreasing  in 
size  till  the  state  of  coarse  and  then  fine  sand  is  reached.  These 
materials  are  assorted  by  the  action  of  the  sea  according  to  their 
size  and  specific  gravity.  The  large  pebbles  are  carried  the 
highest  up  the  beach,  the  coarser  particles  of  sand  and  shells 
form  the  lower  part.  When  the  shore  is  composed  of  shingle, 
the  sand  will  be  generally  found  beneath  low-water  mark.  The 
finest  particles  of  sand,  when  extended  over  a  sufficiently  wide 
range  to  be  acted  on  by  the  wind,  are  frequently  lifted  up  and 
carried  along  to  the  shore  and  inland,  forming  large  sandhills 
or  dunes,  which  sometimes  rise  to  a  height  of  50  to  60  feet.  In 
travelling  along  a  beach,  the  smallest  pebbles  advance  more 
rapidly  and  to  greater  distances  than  those  that  are  larger,  until 
at  some  distance  from  the  source  of  supply  sand  only  will  be 
found. 

Although  under  certain  conditions  on-shore  gales  drive  up 
detritus  and  cause  it  to  accumulate  on  a  beach  or  across  a  river 
mouth,  under  other  conditions  it  may  be  the  means  of  denuding 
the  beach  and  deepening  the  coast-line. 

Ground  swells  also  operate  in  denuding  beaches.  These  are 
due  to  waves  generated  in  the  open  sea  and  breaking  at  right 
angles  to  the  shore-line.  As  the  crest  of  a  wave  rolls  towards 
the  shore  or  into  a  bay,  its  trough  comes  in  contact  with  the 
bottom.  The  upper  part  of  the  wave  continues  its  forward 
motion,  and  thus  throws  forward  a  large  volume  of  water,  which, 
running  up  the  beach  as  a  surface  current,  returns  as  an  under 
current,  and  carries  back  with  it  the  sand  and  stones  loosened 
by  the  breaking  wave.  In  its  reflex  action  it  therefore  sucks 
out  the  material  from  the  beach,  and  in  time  leaves  it  denuded. 
It  is  by  this  action  that  many  tidal  harbours  are  kept  open. 
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On-shore  gales  during  ebb  tides  sometimes  act  in  the  same 
manner. 

It  is  a  matter  of  common  observation  that,  as  the  tide 
recedes  from  a  beach,  there  is  left  behind  at  the  level  of  high 
water,  or  frequently  a  little  above  it,  a  line  of  *' wrack,"  or 
collection  of  material  consisting  of  pieces  of  wood,  seaweed, 
shells,  and,  where  shingle  is  present,  pebbles,  some  often  of  con- 
siderable size,  and  that  this  takes  place  even  in  the  calmest 
weather,  when  there  are  no  waves  except  those  due  to  tidal 
influence. 

Careful  observation  will  further  show  that  this  debris,  shells, 
and  shingle  travel  along  the  coast,  the  direction  of  movement 
being  obliquely  to  the  shore,  but  in  the  direction  of  the  flood 
tide. 

In  the  transport  of  this  littoral  drift,  the  flood  is,  then,  the 
preponderating  force.  On  the  turn  of  the  tide,  the  ebb  sets  in  at 
first  during  slack  water, 
and  gradually  subsides 
from  the  highest  level  of 
the  tide  without  creating 
a  sensible  current.  It 
is,  therefore,  incapable  of 
carrying  back  the  ma- 
terial pushed  by  the 
flood  to  the  highest 
point  reached  by  the  tide, 
which  remains  there  un- 
til the  succeeding  flood 
tide  again  pushes  it  on- 
ward. The  illustration 
in  Fig.  22  approximately  represents  the  three  forces  at  work. 

Without  consideration  it  is  difficult  to  realize  the  fact  that 
pebbles  of  considerable  size  are  thus  moved  upwards  and  along 
the  beach  by  a  movement  of  the  water  of  such  small  velocity 
that,  in  a  running  stream,  it  would  be  quite  incapable  of  even 
moving  them. 

The  tidal  wave  is,  however,  a  great  moving  force  capable  of 
transmitting  its  power  to  objects  with  which  it  comes  in  con- 
tact. As  it  rolls  shoreward  from  the  great  depths  of  the  sea 
with  a  vast  momentum,  it  is  checked  on  reaching  the  shallow 
water  by  the  rising  beach,  and  imparts  a  portion  of  its  energy 
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Fio.  23.— Dtagram  showing  moTement  of  llttond  drill. 
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to  any  pebble  or  other  obstruction  with  which  it  comes  in 
contact.  The  pebble,  being  water-borne,  is  easily  transported 
onward ;  and  step  by  step  is  raised  to  the  highest  point  touched 
by  the  trough  of  the  wave.  The  largest  pebbles  are  carried 
the  highest,  because,  owing  to  their  size  and  weight,  they  rieceive 
and  retain  the  greater  amount  of  momentum,  and,  once  deposited, 
become  as  it  were  anchored,  whereas  lighter  substances  are  carried 
back  by  the  receding  wave. 

It  has  generally  been  received  as  an  axiom  that  the  move- 
ment of  littoral  drift  is  in  the  direction  of  the  prevailing  wind. 
This  statement  does  not  appear  to  represent  the  condition  of 
affairs  accurately.  The  prevailing  winds  generally  throughout 
this  country  are  from  the  south-west,  blowing  from  that  direction 
for  about  two-thirds  of  the  year.  The  direction  of  the  movement 
of  the  drift  varies  on  different  parts  of  the  coast.  Generally, 
and  subject  only  to  exceptions  due  to  local  causes,  the  direction 
of  the  drift  along  the  western  side  of  England  is  northwards ; 
along  the  south  coast  it  is  easterly,  and  on  the  east  coast  southerly. 
In  each  of  these  cases  the  movement  of  the  drift  is  in  the  same 
direction  as  the  main  set  of  the  flood  tide. 

To  take  another  example  from  the  south-east  comer  of 
England,  the  area  of  which  is  so  limited  that  any  wind  which 
prevails  on  one  part  of  the  coast  must  also  prevail  on  the  rest. 
On  the  south  part  of  the  coast  the  direction  of  the  littoral  drift 
is  eastwards ;  on  the  east,  from  Dover  to  the  North  Foreland,  it  is 
northerly ;  and  up  the  southern  side  of  the  estuary  of  the  Thames 
the  movement  of  the  shingle  is  westerly ;  while  on  the  north 
side  it  is  south-westerly.  In  all  these  cases  the  drift  travels  in 
the  same  direction  as  the  flood  current.  To  take  a  still  more 
limited  area,  that  of  Lyme  Bay,  where  local  causes  modify  the 
set  of  the  tides  and  the  travel  of  the  drift.  This  example  is 
especially  to  the  point.  The  movement  of  the  shingle  along  the 
Chesil  Bank,  which  is  situated  in  this  bay,  has  formed  the  subject 
of  two  papers  and  discussions  at  the  Institution  of  Civil  Engineers, 
and  also  has  been  dealt  with  by  geologists  and  the  committee  of 
the  British  Association  on  Coast  Erosion.  It  was  on  observations 
made  at  the  Chesil  Bank  that  Sir  John  Coode  deduced  the  law 
as  to  the  travel  of  shingle,  which  has  since  generally,  although 
not  without  question,  been  accepted  as  correct. 

Lyme  Bay  is  situated  on  the  south  coast  of  England,  between 
Start  Point  and  Portland  Bill,  the  distance  between  these  projec- 
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tions  being  48  miles,  the  depth  of  the  bay  back  from  a  line  drawn 
between  these  points  being  25  miles.  At  the  eastern  end  is 
situated  one  of  the  largest  banks  of  shingle  in  this  country,  known 
as  the  Chesil  Bank.  It  is  15  miles  long,  and  varies  in  width  from 
about  600  to  600  feet,  and  in  height  from  20  to  40  feet.  This 
bank  was  probably  formed  when  the  tides  were  higher  than  they 
now  are,  and  when  the  rest  of  the  coast-line  and  beach  received 
the  form  which  they  now  assume.  Shingle,  however,  still  con- 
tinues to  move  along  the  foot  of  the  bank.  The  tidal  flood 
current  in  the  offing  of  the  bay  sets  easterly ;  in  the  bay  it  runs 
round  Start  Point,  and  generally  follows  the  same  direction  as 
the  coast-line  for  about  two-thirds  of  the  distance.  The  offing 
tide,  striking  the  projection  of  Portland  Bill,  causes  a  great  dis- 
turbance of  the  water  and  a  set  into  the  bay,  which,  meeting  the 
tide  coming  from  the  other  direction,  eddies  round  out  of  the  bay 
in  a  southerly  direction,  as  shown  by  the  arrows  in  the  illustra- 
tion, Fig  23. 
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Fio.  23.— Flan  of  Lyme  Bay. 

The  prevailing  wind,  and  also  the  winds  that  cause  the  highest 
tides  and  largest  on-shore  waves,  are  those  from  the  south-south- 
west, and  setting  north-north-east.  The  direction  of  the  Chesil 
Bank  is  from  north-west  to  south-east.  The  material  of  which 
the  beach  of  the  bay  is  principally  composed  is  shingle;  this 
comes  from  the  erosion  of  the  cliffs  at  the  western  end  of  the 
bay.  This  shingle  travels  along  the  shore,  first  following  the 
coast-line  in  a  northerly  direction,  and  then  eastward  as  far  as 
about  Axmouth,  where  the  shingle  becomes  very  scarce,  and  in 
places  is  entirely  absent.    Some  miles  beyond  this  the  Chesil 


164  TIDAL  RIVERS. 

bank  commences.  It  does  not  appear  that  this  bank  materially 
increases  or  decreases  in  size,  but  there  is  a  movement  of  the 
shingle  along  it  generally  northward  and  westerly,  or  in  the 
opposite  direction  to  that  of  the  material  at  the  other  end  of 
the  bay.  The  movement  of  the  shingle  along  the  Chesil  Bank, 
and  in  the  bay  generally,  is  not  in  the  direction  of  the  prevailing 
wind,  but  varies  in  different  places,  and  follows  more  nearly  the 
set  of  the  flood  current.  There  is  not,  however,  a  regular  con- 
tinuous set  in  any  one  direction.  In  some  parts  of  the  bay, 
with  the  wind  from  south-south-west  and  with  heavy  ground 
swells,  the  beax^h  becomes  denuded ;  in  others,  as  at  Sidmouth, 
the  shingle  is  accumulated  with  these  winds,  the  shingle  here 
travelling  east  or  west,  according  to  the  direction  of  the  wind. 
Near  Axmouth,  the  shingle  accumulates  in  fine,  calm  weather, 
but  is  carried  away  with  southerly  winds.  At  the  east  end  of 
the  Chesil  Bank  the  largest  pebbles  are  found,  and  these  are 
transported  on  to  the  beach  by  the  current,  which  sets  in  this 
direction.  At  this  part  of  the  bay  the  sea  is  the  roughest,  and 
there  is  most  disturbance  of  the  beach,  large  ridges,  at  consider- 
able depth  below  low  water,  advancing  towards  the  shore,  and 
retreating  as  gales  from  different  quarters  prevail. 

The  travelling  shingle  along  this  coast  has  formed  bars  across 
all  the  rivers  which  empty  into  the  bay.  The  Chesil  Bank  haa 
completely  blocked  the  exit  of  several  small  streams,  which  collect 
in  a  wide  channel  at  the  ba^k,  which  runs  parallel  with  the  bank 
for  about  ten  miles,  and  discharges  into  the  sea  at  the  eastern 
end.  The  river  Otter,  near  Budleigh  Salterton,  at  the  west  side 
of  the  bay,  which  is  about  60  feet  wide,  is  barred  by  an  accumu- 
lation of  shingle ;  and  the  Sid,  near  Sidmouth,  about  the  centre 
of  bay,  is  completely  choked  by  the  shingle,  through  which  the 
water  percolates  to  the  sea. 

The  banks  of  shingle  which  are  to  be  found  up  estuaries  all 
either  lie  in  the  line  of  the  flood  current  or  move  in  the  same 
direction,  and  in  many  places  are  in  sheltered  situations  where 
the  prevailing  winds  cannot  be  the  cause  of  their  movement  or 
accumulation.  Examples  of  such  beds  of  shingle  may  be  found 
in  the  estuary  of  the  Thames,  between  the  Isle  of  Sheppey  and 
Sheemess,  the  pebbles  being  moved  westward  by  the  tidal 
current  towards  Sheemess.  At  the  upper  end  of  the  estuary  of 
the  Wash,  at  Snettisham,  there  is  a  large  accumulation  of  shingle,, 
the  pebbles  being  brought  there  by  the  tidal  current  from  the 
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flints  of  the  chalk  cliffs  on  the  north  of  the  Norfolk  coast 
There  is  also  a  large  bank  of  shingle  in  the  estuary  of  the  Ribble, 
between  Ly tham  and  St.  Anne's ;  also  in  the  estuary  of  the 
Seine  at  Villei-ville,  where  it  is  sheltered  from  the  gales,  but 
travels  with  the  flood  current. 

Gales  alone  cannot  be  the  cause  of  the  existence  or  mainte* 
nance  of  bars.  These  are  only  occasional,  and  their  continuance 
is  not  long  enough  to  cause  a  continuous  transport  of  material. 
K  the  supply  of  material  depended  solely  on  causes  operating  in 
stormy  weather,  the  bar  would  diminish  in  summer,  when  fre- 
quently there  is  a  long  continuance  of  calm  weather,  and  increase 
when  gales  are  most  prevalent.  In  the  longest  calm  bars  do  not 
disappear,  and  when  the  shore  extends  out  beyond  the  line  of 
the  bar,  it  may  remain  unaltered  even  in  stormy  weather.  As 
already  shown,  alterations  may  take  place  due  to  gales,  and  the 
bar  be  increased  or  partly  removed,  but  after  a  time  it  returns 
to  its  normal  condition. 

It  is,  however,  an  undisputed  fact  that  during  gales  large 
quantities  of  material  are  disturbed  and  transported  to  fresh 
placea  An  instance  of  the  mighty  power  of  the  waves  in 
heaping  up  and  dispersing  material  was  quoted  by  Sir  John 
Goode  in  the  discussion  on  the  paper  on  bars  already  referred  to, 
when  a  quantity  of  shingle,  estimated  at  63,000  tons,  was  moved 
along  the  Chesil  Bank  in  one  night,  and  at  the  next  spring  tide 
45,000  tons  were  thrown  back  on  the  beach  again ;  and  that  in 
a  month  afterwards  76,000  were  removed  by  the  sea.  Another 
case,  which  occurred  in  Madras  harbour,  was  given  by  Mr. 
Thorowgood.  The  swell  of  the  sea,  owing  to  an  alteration  in 
the  direction  of  the  shore  currents  by  the  extension  of  the  rubble 
mound  put  in  for  the  foundation  pier,  in  one  single  night  com- 
pletely buried  the  mound,  which  was  in  from  3  to  4  fathoms  of 
water,  3  feet  deep  with  sand ;  and  on  further  examination  it  was 
found  that  frequently  on  that  coast  there  was  a  movement  of  the 
sand  by  wave  action  from  the  4j^-fathom  line  inward^,  the  mass 
of  sand  thus  capriciously  moved  at  one  time  being  estimated  at 
2000  tons. 

Mr.  Einahan,  in  a  paper  contributed  to  the  Proceedings  of 
the  Institution  of  Civil  Engineers  in  1879  (vol.  Iviii.),  on  "  The 
Travelling  of  Sea  Beaches  on  the  South  and  East  Coasts  of 
Ireland,"  states  as  the  result  of  twenty  years'  observation,  that 
the  ordinary  wind  waves  assist  the  flood  tide  when  they  are 
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moving  in  the  same  direction  ;  when  they  strike  the  beach  at  a 
right  angle,  or  nearly  so,  they  pile  up  the  shingle ;  if  coming 
in  a  more  or  less  opposite  direction,. they  cut  out  the  beach; 
ground  swells  breaking  on  the  coast-line  perpendicularly 
generate  a  back  wash  that  cuts  out  the  beach.  The  flood  tide 
runs  eastward  on  the  south  coast,  and  northward  on  the  east 
coast.  The  flood  tide  generates  three  classes  of  on-shore 
currents,  due  to  headlands  and  bays.  All  these  currents  carry 
material  along  the  beach  with  them.  With  regard  to  the  size 
of  the  material  moved,  he  found  stranded  on  the  cocLst  of 
Galway,  after  a  storm,  large  blocks  of  stone  weighing  from 
2  to  3  cwt.,  which  had  travelled  through  water  more  than 
15  fathoms  deep.  As  the  tide  rose  these  blocks  drifted  towards 
the  land,  and  in  twenty-four  hours  nearly  the  whole  of  these 
blocks  were  collected  in  horizontal  lines.  He  also  noticed 
that  the  movement  of  large  stones  in  deep  water  was  greatly 
assisted  by  the  floating  propeity  of  the  seaweed  attached  to 
them. 

In  the  opinion  that  the  tidal  currents  are  the  most  effective 
agents  in  carrying  material  along  sea  beaches  in  Ireland  Mr. 
Kinahan  was  supported  by  Mr.  L.  Estrange  Duflin,  in  a  paper 
read  before  the  Royal  Irish  Academy  in  1879,  in  which  he 
stated  that  his  experience  along  the  coast  of  Waterford  satisfied 
him  that  although  the  winds  often  assist  the  tides  and  hasten 
the  travel  of  the  shingle,  yet  the  tidal  current  was  the  active 
agent  in  its  transport. 

The  opinion  here  expressed,  and  the  facts  quoted,  accord 
with  those  which  have  been  arrived  at  by  engineers  in  America. 
Professor  Haupt,  in  a  paper  on  "  Littoral  Drift,"  contributed  to 
the  American  Society  of  Engineers,  said  that  a  careful  examina- 
tion of  the  coasts  of  New  Jersey  satisfied  him  that  the  flood 
tide  and  littoral  currents  were  more  effective  in  moving  drift 
than  the  prevailing  winds,  and  in  this  he  was  supported  by 
facts  brought  forward  by  other  members  of  the  society. 

ConcluBion. — The  conclusions  to  be  drawn  from  the  facts 
given  in  this  chapter  may  be  thus  summarized. 

That  the  causes  which  operate  in  maintaining  the  existence 
of  bars  in  tidal  estuaries  are  due  to  the  sea,  and  not  to  the 
inland  waters. 

That  their  existence  depends  on  a  struggle  between  the 
waves  and  the  littoral  currents  engaged  in  depositing  material 
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across  the  mouth  of  the  outfall  channel,  and  of  the  ebb  current 
in  removing  the  same. 

That  in  designing  works  for  the  removal  of  bars  and  the 
prevention  of  their  re-formation,  the  object  sought  should  be 
to  strengthen  the  ebb  current,  so  that  it  maj''  prevail  over  the 
flood ;  to  push  out  the  line  of  travel  of  material  along  the  shore 
so  far  that  it  crosses  the  outfall  in  deep  water,  and  where 
the  strength  of  the  littoral  current  is  sufiScient  to  prevent 
its  being  carried  into  the  channel  by  the  flood  tide ;  to  increase 
the  depth  of  water  at  the  outfall  so  as  to  neutralize  the  action 
of  on-shore  gales  and  breaking  waves;  that  piers  carried  out 
for  directing  the  current  should  be  so  placed  as  to  produce  the 
greatest  efiect  from  the  tidal  scour. 

The  laws  to  be  observed  for  developing  the  propagation  of 
the  tidal  wave,  and  the  form  to  be  given  to  the  channel  for 
increasing  to  the  fullest  extent  the  scouring  action  of  the 
currents,  are  dealt  with  in  the  chapters  on  "Principles  of  Im* 
provement  and  Training." 

That  the  movement  of  littoral  drift  is  in  the  direction  of  the 
current  of  the  flood  tide,  and  that  this  action  is  aided  by  those 
on-shore  gales  which  have  the  effect  of  raising  the  highest 
tides. 

"  Bars  at  the  Mouths  of  Tidal  Rivers,"  W.  H.  Wheeler,  Min. 
Ptoc.  I.aK,  vol.  c. ;  "  Tidal  Rivers,"  by  Capi  Calver,  1853 ; 
"  The  Improvement  of  Tidal  Rivers,"  W.  A.  Brookes,  1841 ; 
"  River  Engineering,"  D.  Stevenson,  1872 ;  "  River  Bars,"  J.  T. 
Mann,  London,  1881 ;  "The  Motion  of  Shingle  Beaches,"  H.  R. 
Palmer,  PhU,  Trans.  Royal  Society,  1834 ;  "  Description  of  the 
ChesU  Bank,"  J.  Coode,  Proc.  LC.R,  vol.  xu.,  1853;  "The 
Origin  of  the  Chesil  Bank,"  J.  Prestwitch,  Proc.  Inst.  O.E., 
vol.  xi.,  1875 ;  "  Groynes  and  Coast  Erosion,"  Pickwell,  Proc. 
LC.E.,  vol.  li. ;  "  The  Travelling  of  Sea  Bea,ches  on  the  South 
and  East  Coasts  of  Ireland,"  Kinahan,  Proc.  I.C.E.,  voL  Iviii., 
1879 ;  "  Report  of  Committee  of  British  Association  on  Coast 
Erosion,"  1884  ;  "  Littoral  Movement  of  the  New  Jersey  Coast,*' 
L.  M.  Haupt,  Trans.  American  Society  C.E.,  vol.  xxiiL,  1890. 


CHAPTER  VIII. 

PRINCIPLES  TO   BE  OBSERVED  IN  IMPROVING  TIDAL  RIVERS. 

The  physical  characteristics  of  every  tidal  river  vary.  It  is, 
therefore,  impossible  to  lay  down  a  complete  code  of  rules  which 
shall  strictly  apply  to  all  rivers,  or  to  expect  that  works  which 
have  been  successful  in  one  river  may  be  applied  without 
modification  to  another  with  equal  success.  There  are,  how- 
ever, certain  principles  and  results  gained  by  experience  which 
apply  to  all  rivers.  It  is  essential  that  a  knowledge  of  these 
shall  be  acquired  before  any  attempt  is  made  to  interfere  with 
tidal  channels.  Having  first  acquired  a  complete  knowledge  of 
the  tidal  and  other  conditions  of  the  river  to  be  improved,  an 
intelligent  application  of  those  principles  of  action  acknowledged 
to  be  correct  will  afford  the  surest  guarantee  of  success. 

Of  the  subjects  on  which  there  is  a  diversity  of  opinion,  an 
engineer  must  form  his  own  judgment  from  a  study  of  the  facts 
and  results  obtained  from  works  already  carried  out. 

The  best  means  of  improving  the  outfall  of  a  tidal  river 
through  an  estuary  is  a  subject  on  which  no  attempt  should 
ever  be  made  to  dogmatize.  Schemes,  however  well  considered* 
should  only  be  regarded  as  tentative,  and  the  results  carefully 
noted  as  the  work  goes  on,  and  such  modifications  made  as  the 
results  obtained  dictate. 

Principles  to  be  Observed  in  Improving  Rivers. — The  primary 
object  to  be  obtained  in  dealing  with  a  tidal  river  is  to  improve 
its  facilities  for  navigation.  This  can  be  accomplished  by 
removing  shoals  and  obstructions,  and  thereby  increasing  the 
depth  of  the  water ;  by  easing  sharp  bends  and  regulating  the 
width  of  the  channel;  and  by  increasing  the  duration  of 
the  time  during  which  the  river  can  be  used  for  navigation. 

The  main  principles  to  be  observed  in  designing  works  for 
effecting  these  objects  are — 
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1.  That  the  conditions  under  which  the  river  exists  should 
be  maintained  as  far  as  practicable,  the  natural  forces  in  opera- 
tion being  controlled  and  directed  to  the  best  advantage. 

2.  That  all  schemes  for  improving  or  altering  channels 
should  be  designed  in  accordance  with  the  laws  of  nature  as 
defined  by  science. 

3.  That  the  river  and  its  estuary  should  be  considered  in  its 
entirety,  and  that  no  works  for  local  improvement  should  be 
undertaken  without  due  consideration  being  given  to  their  effect 
on  other  parts  of  the  system. 

4.  That  the  aim  should  be  directed  to  obtaining  a  general 
balance  of  all  the  forces  in  operation,  so  as  not  to  give  an  undue 
preponderance  to  any  one;  and  to  establish  such  a  state  of 
stable  equilibrium  as  will  conduce  to  a  permanence  of  the 
results  obtained. 

5.  That,  while  the  low-water  channel  should  be  maintained 
at  a  width  sufficient  for  the  discharge  of  the  land  water  in 
floods,  it  should  not  be  too  wide  to  prevent  the  greatest  effect 
being  obtained  from  the  scour;  that  there  should  be  ample 
width  for  the  navigation  and  for  the  lateral  extension  of  the 
tidal  flow;  and  that  the  estuary  should  be  conserved  as  a 
receptacle  for  the  tidal  water,  so  far  as  such  water  acts  as  a 
feeder  to  and  assists  in  maintaining  the  main  navigable  channel. 

€.  That  the  tidal  wave  should  be  propagated  to  the  furthest 
limit  practicable  in  one  deep  uniform  channel,  in  which  the  tidal 
water  is  made  to  concentrate  its  energy  to  the  fullest  extent. 

7.  That  there  should  be  a  free  entrance  for  the  tidal  wave 
from  the  sea ;  and  that  the  waterway  should  uniformly  diminish 
in  width  from  the  mouth ;  and  that  the  direction  of  the  channel 
should  assume  the  form  frotn  which  the  best  results  can  be 
obtained. 

8.  That  when  the  natural  conditions  of  a  river  do  not  afford 
sufficient  depth  for  its  navigation,  or  when  the  channel  is 
obstructed  by  bends  and  contractions  of  varying  widths^  it 
should  be  deepened  by  mechanical  means,  and  regulated  by 
training  and  the  removal  of  abrupt  bends. 

The  Commission  of  Engineers  appointed  by  the  Dutch 
Government  to  report  on  the  various  schemes  which  had  been 
proposed  for  the  improvement  of  the  river  Maas,  laid  down,  as  a 
preliminary  to  their  report,  the  following  principles  as  applying 
to  tidal  rivers : — 
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1.  That  theory  and  experience  have  taught,  and  the  evidence 
brought  before  the  commission  confirms,  that  the  most  influential 
agent  in  maintaining  the  depth  of  navigable  channels  is  to  be 
found  in  the  velocity  with  which  the  water  moves  thi-ough  the 
channel.  When  the  velocity  and  volume  of  water  are  insufficient 
to  maintain  a  section  adequate  to  the  needs  of  commerce,  the 
end  can  only  be  attained  by  dredging. 

2.  The  incessant  action  of  the  tides  and  waves  maintains  in 
constant  motion  the  sands  along  the  coast,  establishing  a  slope 
on  the  coast  of  Holland  of  from  250  to  140  to  1. 

3.  The  drainage  water  which  flows  out  of  the  river  on  the 
part  of  the  coast  under  consideration  is  inadequate  to  maintain 
a  channel  through  this  slope  of  the  shore.  It  is,  therefore,  to 
the  action  of  the  tides  that  the  maintenance  of  depths  at  the 
mouths  of  the  rivers  is  to  be  attributed. 

4.  The  total  effect  depends  upon  the  velocity  and  volume; 
both  increase  with  the  tide  range,  that  is,  with  the  difference 
between  high  and  low  water.  Where  the  tide  range  is  very 
small,  as  in  the  Zuyder  Zee,  the  Mediterranean  and  other  seas, 
it  is  found  that  the  drainage  w^aters  alone  are  inadequate  to 
maintain  a  navigable  depth  of  channel. 

5.  The  tidal  range  cannot  be  increased,  but  the  direction  and 
form  of  entrance  into  the  sea  may  be  regulated,  and  the  breadth 
limited  in  due  proportion  to  the  volume,  and  thus  the  depth 
may  be  increased. 

6.  That  the  outlets  of  the  rivers  on  this  part  of  the  coast  into 
the  North  Sea  have  all  a  curve  to  the  southward  (the  direction 
from  which  the  flood  tide  comes),  whereby  they  better  intercept 
the  tidal  current  flowing  across  the  channel. 

7.  Rivers  do  not  discharge  the  same  volume  through  every 
section,  but  the  nearer  the  sea  the  greater  the  volume.  Hence 
to  maintain  an  equal  depth  the  width  must  be  greatest  at  the 
outlet,  diminishing  funnel- wise  in  ascending. 

8.  The  further  up  the  channel  the  tide  can  be  enticed,  the 
more  powerful  will  be  the  downward  flow  of  the  ebb. 

The  following  is  an  abstract  of  the  views  which  were  adopted 
in  the  section  on  tidal  rivers  at  the  International  Congress  on 
Inland  Navigation  held  at  Paris  in  J  891 : — 

1.  That,  the  size  and  depth  of  a  tidal  river  being  mainly  due 
to  the  tidal  flow,  any  works  which  increase  its  volume  and 
extend  its  influence,  such  as  the  removal  of  obstructions,  dredging 
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hard  shoals,  and  the  lowering  of  the  low- water  line  by  deepening 
the  channel,  effect  an  improvement  in  the  river  for  navigation ; 
whilst  any  works  which  restrict  the  tidal  influx,  even  though 
producing  a  local  deepening  by  scour,  are  liable,  unless  under 
exceptional  conditions,  to  injure  the  general  navigable  capabilities 
of  a  tidal  river. 

2.  The  regulation  of  the  banks  of  tidal  rivers,  so  as  to  remove 
abrupt  variations  in  width,  equalizes  the  tidal  flow,  reduces 
accretion,  and  facilitates  the  tidal  influx,  and  therefore  constitutes 
an  important  means  of  improvement,  even  if  accompanied  by  a 
slight  reduction  of  tidal  capacity  at  certain  parts  by  the  oblitera- 
tion of  indents,  which  is  generally  more  than  compensated  for 
by  the  improved  scour,  and  consequent  lowering  of  the  low-water 
line,  especially  if  accompanied  by  the  removal  of  shoals. 

3.  The  extent  of  the  filling  basin  necessary  for  the  maintenance 
of  rivers  and  of  their  mouths  depends  more  on  the  methodical 
and  rational  laying  out  of  the  sections  and  widths  rather  than 
on  the  lateral  reservoirs,  which  sometimes  present  grave 
inconveniences,  and  which  ought  only  to  be  constructed  in 
special  cases. 

4.  Dredging  furnishes  a  most  valuable  method  of  deepening 
a  tidal  river,  which  may  be  carried  far  beyond  the  limits  ot 
natural  scour  if  the  trade  of  a  river  port  justifies  a  large 
expenditure;  and  a  small  river  may  be  thus  converted  into  a 
waterway  accessible  by  large  vessels  at  all  states  of  the  tide,  of 
which  the  Clyde  forms  a  notable  instance.  Furthermore,  by 
means  of  this  dredging,  the  facilitating  of  the  transmission  of 
tides  and  the  increase  in  the  flood  and  ebb  are  eflected,  to  the 
improvement  of  the  mouth.  By  means  of  the  improvements 
which  dredging  has  received  in  recent  years,  the  scope  of  this 
kind  of  improvement  has  become  greatly  enlarged. 

Captain  Calver,  in  his  treatise  on  tidal  rivers,  lays  down 
the  following  laws  as  applying  to  works  carried  out  for  the 
conservation  or  improvement  of  tidal  channels : — 

1.  That  the  navigable  condition  of  the  outlet  of  a  tidal  river 
can  only  be  maintained  by  tidal  water,  and  that  its  extent  as  to 
sectional  capacity  will  be  proportioned  to  the  amount  admitted. 

2.  That  a  fresh-water  stream  is  powerless  to  maintain  a  sea 
outlet  and  to  keep  down  a  bar. 

3.  That  every  portion  of  the  tidal  expanse  has  a  value 
peculiar  to  itself,  inasmuch  as  it  is  continually  operative.    That 
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any  reduction  of  the  tidal  capacity  is  wholly  against  experience, 
and  is  opposed  to  true  theory  and  successful  practice. 

4.  That  the  supply  of  material  which  encumbers  the  outfall 
of  tidal  rivers  is  from  the  interior,  and  not  from  the  sea ;  and 
that  the  strength  of  the  ebb  to  discharge  it  is  greater  than  that 
of  the  flood  to  return  it. 

5.  That  the  system  of  improving  a  river  by  longitudinal 
training  walls  is  the  realization  of  the  best  possible  navigable 
condition  of  a  river  without  the  sacrifice  of  tidal  volume. 

6.  That  dredging  as  a  system  is  an  error  in  principle,  being 
an  attack  upon  the  effect  rather  than  the  cause ;  but  is  valuable 
as  an  adjunct  to  training  in  preventing  the  soil  from  being 
scoured  from  the  shallower  into  the  deeper  portions  of  the 
navigation,  and  in  breaking  up  the  crust  of  the  bed  when  it  is 
sufficiently  indurated  to  resist  the  improved  energy  of  the  current. 

7.  That  straight  reaches  should  be  avoided,  as  the  deep-water 
track  in  a  straight  reeush,  being  liable  to  be  acted  on  by  slight 
causes,  will  be  apt  to  range  from  side  to  side,  and  thus  become 
a  source  of  derangement  to  the  permanency  of  the  deep  water. 

8.  That  in  carrying  out  improvements  the  high-water  level 
is  to  be  accepted  as  a  nearly  fixed  point,  not  to  be  materially 
influenced  by  river  works.  That  the  depression  of  the  low- water 
level  is  all  important  as  ensuring  an  increase  in  the  tidal 
duration,  and  of  the  tidal  quantity,  and  of  the  navigable  depth. 
That  the  improvement  of  the  tidal  propagation  is  a  test  of  the 
improvement  of  the  tidal  compartment. 

9.  That  all  improvements  should  begin  in  the  lower  reaches 
of  a  river  or  estuary. 

The  principles  to  be  observed  in  improving  tidal  rivers  as 
here  given  present  very  little  variation,  and  may  be  taken  as 
fairly  representing  the  opinions  of  the  engineers  of  this  country, 
in  France,  Holland,  and  Germany. 

Preservation  of  Natural  Conditions. — With  regard  to  the  first 
law  laid  down,  that  the  existing  character  of  a  river  should  be 
maintained  as  far  as  possible,  it  will  be  found  that  in  many  cases 
a  due  regard  to  the  circumstances  imder  which  a  tidal  river 
exists,  with  a  view  to  improving  and  directing  the  tidal  flow 
along  the  existing  course,  will  conduce  to  better  results  at  very 
considerably  less  cost,  than  by  a  disregard  of  these  conditions 
and  the  cutting  of  new  straight  channels.  The  construction  of 
such  new  cuts  has  frequently  resulted  in  an  alteration  of  the 
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tidal  conditions  in  a  manner  never  anticipated,  and  affecting  the 
action  of  the  tidal  water  in  the  lower  reaches  and  on  the  bar,  or 
the  flow  of  the  tidal  wave  to  an  extent  that  has  detracted  from 
the  improvements  otherwise  effected. 

In  like  manner  local  improvements,  carried  out  without  a 
due  consideration  of  their  effect,  have  led  to  results  which  have 
damaged  other  parts  of  the  river.  No  one  part  of  a  tidal  river 
can  be  modified  without  a  reaction  more  or  less  strong  on  the 
other  parts.  As  much  as  possible,  improvements  afl^dcting  different 
parts  of  a  river  should  be  carried  out  simultaneously,  so  that  their 
effects  may  balance  each  other,  and  a  new  condition  of  stable 
equilibrium  be  established. 

It  is  equally  essential  that  the  result  of  bringing  into  active 
operation  any  particular  force  should  be  well  considered  in  its 
relation  to  other  effects,  so  that  a  proper  balance  of  forces  be 
maintained.  For  example,  the  velocity  may  be  so  increased  as 
to  erode  and  deepen  th^  bed  of  the  channel,  and  be  so  great  as  to 
carry  away  the  detritus ;  but  this  increased  velocity  may  be  the 
agent  of  its  own  destruction  by  unduly  increasjuig  the  size  of 
the  channel.  This  excess  of  velocity  may  also  prove  of  great 
inconvenience  to  the  navigation.  On  the  other  hand,  by 
checking  or  retarding  the  tidal  flow,  or  by  diverting  the  land 
water,  the  scour  may  become  so  weak  that  deposit  will  take 
place  in  the  channel,  or  a  bar  be  formed  at  the  mouth  of  the 
river.  A  channel  may  be  laid  out,  in  the  interests  of  the 
navigation,  of  a  great  width,  but  out  of  proportion  to  the  fresh- 
water ebb  and  the  tidal  rise  and  run,  in  which  case  it  will  be 
difficult  to  maintain  the  depth  required. 

The  material  of  which  the  channel  is  composed  must  also  be 
considered.  Soils  of  a  tenacious  character  will  resist  the  impact 
of  the  water  moving  at  a  velocity  that  would  erode  those  of  a 
less  tenacious  consistency,  and  unless  expensive  works  of  pro- 
tection are  resorted  to,  the  velocity  must  be  proportioned  to  the 
tenacity  of  the  soil.  The  amount  of  slope  to  be  given  to  a  bank 
is  also  regulated  by  the  same  considerations. 

The  bends  and  pools  found  in  all  natural  rivers  are  simply 
the  result  of  contending  forces  acting  either  horizontally  or  ver- 
tically. Where  the  course  of  a  river  remains  stable,  it  shows 
that,  by  an  enlargement  of  the  sectional  area  at  any  given 
place,  the  velocity  has  become  sufficiently  checked  to  prevent 
erosion,  or  that  the  tena^city  of  the  soil  is  equal  to  sustaining  the 
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impact  of  the  water  and  its  force,  and  that  thus  the  regimen  of 
the  river  has  become  established. 

So,  in  carrying  out  works  for  the  improvement  of  channels 
in  sandy  estuaries,  it  will  be  found  much  less  costly  and  more 
effective  to  direct  and  develop  the  one  main  low-water  channel, 
than  to  attempt  to  make  a  straight  channel  in  a  new  direction 
by  training  regardless  of  existing  circumstances.  However 
unstable  channels  in  sandy  estuaries  may  be,  a  careful  examina^ 
tion  of  the  circumstances  will  show  that  there  is  one  course  in 
which  the  deepest  water  is  maintained,  and  in  which  the  channel 
is  most  stable.  By  coaxing  the  whole  of  the  ebb  and  flood 
into  this  channel,  by  blocking  up  subsidiary  channels,  and  by 
assisting  the  scour  by  deepening  the  shoal  places,  and  thus 
concentrating  the  full  effect  of  the  tidal  current  in  one  course, 
a  good  navigable  channel  may  be  obtained  at  a  comparatively 
small  cost ;  whereas  by  attempting  to  drive  a  channel  through 
sands  in  a  direction  which  nature  has  not  selected  will  be  found 
costly  to  carry  out  and  difficult  to  maintain.  The  stability  of 
channels  in  sandy  estuaries,  through  which  the  force  of  the  flood 
tide  permanently  acts  in  one  course,  and  whi6h  are  undisturbed 
by  the  action  of  land  freshets,  is  evidenced  by  the  so-termed 
"  blind  channels "  which  are  to  be  found  in  nearly  all  large 
sandy  estuaries.  These  low- water  channels  have  their  greatest 
width  at  the  lower  end,  and  gradually  converge  upwards,  and 
often  have  a  straighter  course  and  deeper  water  than  the  main 
stream  through  which  the  upland  water  passes  to  sea.  In  some 
cases  they  are  only  separated  from  this  stream  by  a  shallow  bar, 
but  in  others  are  blind  channels  terminating  at  their  upper  ends 
in  the  sandbeds  which  dry  at  low  water.  These  channels  also 
afford  proof  of  the  ability  of  the  tidal  water  alone  to  maintain  a 
channel  when  neither  injured  nor  aided  by  the  upland  water. 
The  erosive  action  of  the  flood  tide  is  the  sole  agent  of  their 
maintenance. 

Inland  Waters. — Although  the  tidal  water  is  the  principal 
agent  in  maintaining  rivers  and  adapting  them  for  the  purposes  of 
navigation,  yet  the  inland  water  coming  down  the  river  deserves 
consideration,  and  its  discharge  must  be  provided  for.  The 
water  coming  off  the  land  is  a  valuable  agent  in  scouring  and 
maintaining  the  channel  of  the  river  above  the  influence  of  the 
tide,  and  in  assisting  in  transporting  out  of  the  channel  material 
which   otherwise  would  remain  and  contract  its  area.     Any 
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works  in  the  tidal  portion  that  restrict  the  fresh-water  discharge 
will  lead  to  land  floods  and  serious  damage  and  loss  to  property. 
The  increase  of  the  sectional  area  of  a  tidal  river,  the  deepening 
of  the  bed  and  the  lowering  of  the  low-water  line,  although 
allowing  the  tide  to  extend  further  up  the  river,  is  a.  direct 
advantage  in  the  prevention  of  floods.  If  the  section  of  a  non- 
tidal  river  be  made  sufficiently  large  to  carry  ofl*  the  water  in 
occasional  heavy  floods,  the  velocity  of  the  water  will  be  so 
weakened  during  the  ordinary  flow  that  it  will  not  be  able  to 
carry  away  the  detritus  washed  down  the  river,  and  the  channel 
will  become  again  shoaled,  and  continue  to  shoal  until  the 
original  diminished  section  be  again  attained.  Where,  however, 
the  enlarged  section  becomes  filled  daily  with  tidal  water,  the 
continual  ebb  and  flow  will  prevent  accretion.  In  floods  this 
larger  section  will  provide  for  the  increased  volume  of  fresh 
water,  only  excluding  for  the  time  a  like  amount  of  tidal  water, 
and  the  channel  will  thus  automatically  adjust  itself  to  the 
varying  conditions  of  the  river. 

The  drainage  water  coming  down  a  river  is  sufficient,  if  aided 
by  the  tidal  oscillation,  to  keep  a  well-trained  river  free  and 
clear  from  deposit,  however  wide  or  deep.  The  quantity,  how- 
ever, is  limited,  and  cannot  be  increased,  and  in  dry  weather 
recedes  within  very  small  limits.  It  is,  therefore,  undesirable  to 
overload  it,  or  to  allow  the  channel  to  be  encumbered  with 
unnecessary  material,  whether  due  to  shifting  sands,  the  erosion 
of  banks,  or  the  detritus  and  other  matter  contained  in  sewage 
poured  in  from  towns,  or  refuse  from  manufactories. 

Mr.  Brown,  in  a  paper  {Proc.  Inst.  C.E.,  vol  Ixvi.)  on  the 
"  Relative  Value  of  Tidal  and  Upland  Water,"  contended  that  the 
scour  and  maintenance  of  rivei's  are  due  mainly,  if  not  entirely, 
to  the  inland  water,  and  that  the  silt  which  tends  to  choke  up 
tidal  channels  is  almost  wholly  due  to  the  tidal,  and  not  to  the 
fresh  water;  and  endeavoured  to  show  that  the  tidal  water 
brings  up  more  silt  on  the  flood  than  it  takes  out  on  the  ebb. 
If  this  contention  is  limited  to  the  transport  of  material  out 
of  a  wide  estuary  into  a  narrow  tidal  channel,  in  which  there  is  a 
restricted  tidal  run  accompanied  by  a  deflciency  of  inland  water, 
the  contention  is  no  doubt  to  a  certain  extent  correct,  as  shown 
by  the  facts  recorded  in  the  previous  chapter.  The  river  Avon, 
from  which  the  observations  were  obtained  on  which  the  above 
•theory  was  based,  complies  with  these  conditions.     The  tidal 
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range  of  this  river  has  been  partially  stopped  by  a  dam  placed 
across  the  river  at  Netham,  above  Bristol,  which  tends  to  the 
deposit  of  the  material  in  suspension  in  the  tidal  water,  and 
which,  in  the  absence  of  freshets,  accumulates  in  the  bed  and  on 
the  sides  of  the  channel.  This  is  scoured  out  again  when 
freshets  occur.  The  inference  that  the  author  drew,  that  this 
material  comes  entirely  from  the  sea^  because  the  water  in  the 
Severn  is  clear  at  Worcester  and  muddy  at  the  mouth  of  the 
Avon,  cannot  be  substantiated,  as  the  water  in  the  lower  part 
of  the  Bristol  Channel  is  brighter  and  clearer  than  it  is  at 
Worcester. 

There  can  be  no  dispute  that  the  upland  currents  bring  down 
vrith  them  a  large  amount  of  detritus ;  that  this  remains,  in  a 
river  like  the  Avon,  in  a  state  of  oscillation,  or  at  certain  periods 
a  portion  becomes  deposited,  to  be  again  put  in  motion  and 
carried  down  the  river,  and  finally  carried  out  to  sea  when  the 
heavy  freshets  come. 

Mr.  Stevenson  says  that,  so  far  as  his  experience  goes,  the 
detritus  brought  down  by  the  fresh  water  is  more  to  be  feared 
in  a  tidal  river  than  that  carried  by  the  sea. 

In  fact,  it  may  be  said  that  upland  water  contains  in  itself 
both  an  evil  and  a  remedy ;  that  the  currents  it  creates,  while 
acting  as  agents  for  transporting  material  into  the  channel,  also 
operate  in  clearing  it  and  maintaining  its  depth. 

For  the  purpose  of  removing  material  out  of  a  newly  trained 
channel,  too  much  reliance  should  not  be  placed  on  the  scour  to 
be  derived  from  the  tidal  flow,  however  large  the  volume  may  be. 
The  tidal  flow  is  due  to  an  oscillation,  only  the  same  quantity 
of  water  passing  out  of  a  river  as  flowed  into  it  Matter  in 
suspension  becomes  difiused  amongst  this  volume,  and  is  then 
carried  away  out  to  sea.  Sand  and  detritus  too  heavy  to  remain 
in  suspension  is  rolled  backwards  and  forwards  by  the  oscillating 
current,  gradually  but  slowly  moving  downwards  and  out  to  sea. 
When,  however,  the  ebb  tidal  current  is  reinforced  by  inland 
water,  especially  in  heavy  freshets,  the  travel  seawards  becomes 
much  more  rapid,  and  the  scouring  and  deepening  of  the  channel 
more  eflective. 

The  inland  water  is  therefore  a  valuable  aid  in  the  deepening 
and  maintenance  of  newly  trained  tidal  channels. 

There  is  also  a  point  in  tidal  rivers,  at  the  meeting  of  the 
tidal  and  land  water,  where  the  energy  of  the  flood  tide  ce&ses. 
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At  this  point,  varying  from  time  to  time,  there  is  a  tendency 
for  material  rolled  along  the  bottom  by  the  flood  tide  to  remain 
and  cause  a  shoal.  In  some  rivers,  even  if  there  is  a  free  tidal 
run,  but  where  the  supply  of  inland  water  falls  off  very  much 
in  dry  weather,  shoals  will  accumulate  to  a  sufficient  height 
to  impede  the  navigation  of  the  higher  reaches  of  the  river. 
In  this  case  the  inland  water  due  to  rain  is  a  valuable  agent 
in  removing  such  shoals  and  in  preventing  their  becoming 
permanent. 

The  diversion  of  the  inland  water  due  to  its  drainage  area 
from  a  tidal  river,  and  sending  it  to  sea  by  some  other  course, 
will  invariably  prove  detrimental  to  the  maintenance  of  the 
channel  River  channels  by  natural  causes  have  adapted  them- 
selves to  the  discharge  of  a  certain  volume  of  water,  varying  in 
quantity  at  times,  but  retaining  normal  conditions.  By  abstract- 
ing any  material  portion  of  this  water  the  balance  of  forces  is 
disturbed,  and  the  regime  of  the  river  destroyed.  Several 
instances  could  be  quoted  where  the  diversion  of  the  water  from 
its  original  channel  to  another  has  led  to  the  shoaling  of  the 
outfall  and  of  the  channel. 

In  the  river  Somme,  the  upland  water  was  diverted  above 
Abbeville  and  discharged  into  a  new  cutting  made  for  a  canal. 
After  this  was  done  the  sand  accumulated  in  the  river-bed,  and 
to  a  great  extent  filled  it  up,  so  that  lighters  drawing  3  feet 
could  hardly  get  up  the  river  to  the  village  of  Qrand  Port, 
5  miles  above  St,  Valery. 

The  river  Stour,  on  the  south-east  coast,  so  doubles  round  in 
its  course  that  at  one  point  there  is  only  about  a  mile  across  the 
land,  the  distance  by  the  water  being  eleven  milea  The 
authorities  interested  in  the  drainage  made  a  cut  across  this 
bend  for  the  purpose  of  discharging  the  water  in  freshets.  The 
consequence  has  been  that  the  deposit  accumidates  much  more 
rapidly  than  formerly,  to  the  injury  of  the  navigation  up 
to  Sandwich,  and  the  channel  has  to  be  continually  dredged 
out. 

Propagation  of  the  Tidal  Wave. — ^One  of  the  most  important 
objects  to  be  kept  in  view  in  designing  works  for  the  improve- 
ment of  a  tidal  river  is  that  the  tidal  wave  shall  be  developed 
to  the  fullest  extent. 

Improvements  which  are  beneficial  to  the  navigation  are  also 
necessary  for  a  free  entrance  and  run  of  the  tidal  water. 
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The  tidal  wave  can  only  be  propagated  to  the  fullest  advan- 
tage in  a  deep  channel 

The  deepening  of  a  tidal  channel  is  not  only  of  advantage  to 
the  navigation,  in  affording  accommodation  for  vessels  of  larger 
burden  and  deeper  draughty  but  it  hastens  and  prolongs  the 
time  of  tide,  and  allows  the  greatest  advantage  to  be  obtained 
from  the  tidal  range.  The  removal  of  shoals  and  lowering  the 
bed  of  a  river  also  allows  the  tidal  water  a  longer  range,  and 
provides  a  larger  volume  of  ascending  and  descending  water, 
which  operates  twice  every  day  in  scouring  and  maintaining 
the  channel.  It  has  been  truly  remarked  by  M.  Mengin,  in 
his  memoirs  on  "Tidal  Rivers,"  that  health,  like  disease,  engenders 
itself,  and  that  the  depth  of  a  river  may  be  regarded  as  its 
health. 

The  free  propagation  of  the  tidal  wave  depends  much  more 
on  the  depth  and  absence  of  obstruction  to  the  flow  than  to 
width  or  sectional  area. 

The  more  vertical  the  sides  of  a  channel  are,  the  more  favour- 
able they  are  to  the  transit  of  the  tidal  wave.  Mr.  Scott-Russel> 
in  the  experiments  made  on  wave  action,  found  the  velocity  of  a 
wave  was  considerably  greater  in  a  channel  with  vertical  sides 
than  in  one  in  which  they  were  shelving. 

Mr.  Stevenson,  in  his  work  on  "  River  Engineering,"  has  laid 
down  the  following  axioms  with  regard  to  tidal  propagation : 

1.  That  decrease  of  the  low- water  slope  of  a  river  is  followed 
by  an  acceleration  of  the  rate  of  propagation  of  the  tidal  wave. 

2.  That  the  rate  of  propagation  does  not  bear  a  constant 
relation  to  the  amount  of  slope,  although  to  some  extent  modified 
by  it 

3.  The  rate  of  propagation  is  due  to  depth,  influenced  by  the 
slope  of  the  surface,  form  of  channel,  and  obstructions. 

4.  One  of  the  first  results  of  training,  dredging,  and  improving 
a  tidal  channel  is  a  depression  of  the  low- water  line  in  the  upper 
reaches,  and  of  the  surface  inclination  of  the  water  throughout. 
This,  while  of  great  service  to  the  land-draining  by  the  river  and 
in  the  prevention  of  fioods,  is  also  generally  beneficial  to  the 
river,  and  particularly  in  the  outfall  and  lower  reaches,  by  in- 
creasing the  quantity  of  tidal  water  which  passes  up  and  down 
the  river.  The  amount  of  the  depression  of  the  low-water  level 
in  the  upper  reaches  of  a  river,  consequent  on  improvements,  may 
be  taken  as  a  sure  indication  of  benefit  conferred 
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5.  The  benefit  derived  from  removal  of  shoals  extending 
across  the  channel  by  dredging  is  greater  than  in  proportion  to 
the  cubic  contents  of  the  material  removed,  as  these  shoals  act 
as  sunk  weirs,  holding  up  the  low-water  line ;  the  quantity  of 
additional  tidal  water  is  therefore  that  due  to  the  wedge-shaped 
section  of  the  depressed  low-water  line,  in  addition  to  the 
quantity  due  to  the  solid  material  taken  out. 

These  axioms  appear  to  the  author  to  convey  a  sound  defini- 
tion of  the  results  due  to  tidal  propagation. 

The  distinction  between  the  velocity  of  the  tidal  current  and 
the  rate  at  which  the  tidal  wave  is  propagated  in  a  river  is  dealt 
with  in  the  chapter  on  the  ''  Tides,"  and  it  is  there  shown  that> 
while  the  current  may  only  run  at  a  velocity  of  two  or  three 
miles  an  hour,  the  tidal  wave  may  be  propagated  at  the  rate  of 
20  or  30  miles  an  hour  where  the  depth  of  water  in  the  river  is 
sufiicient. 

The  velocity  of  propagation  in  the  open  sea  is  proportionate 
to  the  square  root  of  the  depth,  but  there  are  so  many  circum- 
stances affecting  the  flow  of  the  tide  in  the  confined  channel  of 
a  river  that  this  rule  cannot  be  taken  as  applying  to  rivers 
generally. 

From  the  tables  given  in  the  chapter  on  "  Tides,''  the  inference 
may  be  drawn  that  approximately  the  rate  of  the  foot  of  the  tide 
in  rivers  varies  as  the  depth,  each  foot  of  depth  of  water  giving 
a  rate  of  progress  of  the  foot  of  the  tide  of  one  mile  an  hour. 
At  the  head  of  the  tide,  the  rate  of  the  propagation  follows  more 
nearly  the  law  which  governs  the  motion  of  the  tidal  wave  in 
the  ocean. 

The  efiect  of  shallow  water,  although  retarding  the  first  fiow 
of  the  tide,  does  not  much  affect  the  level  of  high  water.  In  a 
river  having  a  steep  slope  with  shallow  water,  the  total  time 
of  fiow  is  diminished,  and  the  total  quantity  of  water  flowing  up 
and  down  is  diminished.  The  wave-action  under  such  circum- 
stances is  lost,  and  the  tide,  instead  of  being  properly  propagated, 
forces  its  current  up  the  slope  of  the  bed  of  the  river.  The 
momentum  is  thus  rapidly  absorbed,  and  in  consequence  the 
tidal  run  is  shortened  and  its  influence  lost. 

The  appearance  of  bores  in  shallow  rivers  is  an  evidence  of 
the  disadvantage  of  the  want  of  depth.  In  rivers  in  which  bores 
occur,  they  become  much  modified  or  entirely  disappear  when  the 
depth  of  water  in  the  channel  is  increased  by  freshets.    Under 
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the  same  circumstances,  also,  the  velocity  of  the  propagation  of 
the  tidal  wave  is  increased.  Thus,  on  the  Severn,  Admiral 
Beechey  found  that  the  advance  of  the  tidal  wave  increased  from 
4  to  10  miles  an  hour  when  the  river  was  under  the  influence 
of  freshets. 

In  rivers  of  great  depth,  like  the  Mississippi  or  the  Amazon, 
although  the  rise  of  the  tide  is  small,  yet  its  influence  is  felt  for 
several  hundreds  of  miles  up  the  channel ;  whereas  in  shallow 
rivers  having  a  very  much  larger  rise  of  tide,  the  influence  only 
extends  for  10  or  20  miles. 

Any  obstruction  that  checks  the  free  flow  of  the  tide  is 
detrimental  to  its  propagation. 

Weirs  placed  across  tidal  rivers  deprive  the  lower  reaches  of 
the  advantage  to  be  derived  from  the  full  amount  of  tidal  scour. 
The  quantity  of  tidal  water  is  still  further  diminished  by  the 
quantity  of  material  which  accumulates  immediately  below  them 
in  dry  seasons.  Instances  of  this  have  been  given  in  the  previous 
chapter. 

In  some  rivers,  as  in  the  Dee  and  the  Avon,  these  weirs  are 
only  partial  obstructions,  stopping  the  first  flow  of  the  tide,  but 
allowing  the  last  two  or  three  feet  to  flow  over  and  run  up  the 
river.  The  full  oscillating  action  of  the  tide  is,  however,  injured 
by  such  stoppage.  The  first  wave,  instead  of  moving  freely  for- 
ward, is  checked  by  the  weir  and  driven  back,  meeting  the 
succeeding  waves.  The  whole  tidal  rigvme  is  thus  disturbed, 
eddies  are  created,  and  the  sediment  in  suspension,  which  would 
remain  in  this  condition  if  the  water  were  kept  flowing,  is  de- 
posited, raising  the  bed  of  the  river,  and  remaining  until  freshets 
come  and  remove  it 

The  amount  of  material  which  thus  accumulates  in  the  river 
takes  the  place  of  tidal  water,  and  deprives  the  river  of  the 
scouring  action,  already  seriously  diminished  by  the  quantity  cut 
oflF  by  the  weir. 

The  improvement  of  the  channel,  and  with  it  the  propaga- 
tion of  the  tide,  will  frequently  result  in  raising  the  level  to 
which  high  water  obtains  up  the  river,  thus  gaining,  by  the 
elevation  of  the  tide,  provision  for  deeper-draft  vessels,  which 
could  only  otherwise  be  obtained  by  excavating  the  bottom  at 
considerable  cost. 

The  facts  given  in  the  previous  chapter  show  that  extensive 
improvement  may  result  in  thus  raising  the  level  above  that 
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which  formerly  existed,  even  when  this  level  was  cus  high  as 
that  of  the  tidal  wave  in  the  sea  or  estuarj^;  but  that  small 
improvements,  while  having  a  considerable  effect  on  the  low- 
water  line,  do  not  affect  that  of  high  water.  Also,  further,  that 
when  the  high- water  line  at  any  particular  port  is  above  that  of 
the  tide  in  the  open  estuary,  this  may  be  reduced  by  altering 
the  shape  of  the  channel  and  the  conditions  of  tidal  flow. 

At  Shoreham,  the  widening  and  deepening  of  the  harbour 
mouth  resulted  in  depressing  the  rise  of  spring  tides  from  18  feet 
to  16  feet.  At  Newhaven,  also,  the  works  carried  out  for  improv-^ 
ing  the  entrance  to  the  haxbour,  although  causing  the  tide  to  be 
40  minutes  earlier,  have  made  the  rise  2  feet  less  than  formerly. 

In  t]ie  Tyne,  on  the  other  hand,  the  deepening  of  the  channel 
has  resulted  in  making  the  high- water  level  12  inches  higher  at 
Newcastle,  and  in  the  Clyde  10  inches  higher  at  Glasgow. 

Width  and  Direction  of  Channels. — The  circumstances  to  be 
taken  into  consideration  in  determining  the  width  of  a  channel 
are :  1.  The  requirements  of  the  navigation.  2.  The  volume  of 
tidal  water  to  be  provided  for,  influenced  by  the  length  of  the 
tidal  run  and  range  of  the  tide,  and  ensuring  its  free  flow. 
3.  The  discharge  of  the  fresh  water  under  ordinary  conditions 
and  in  floods,  and  obtaining  the  greatest  advantage  from  it  as  a 
scouring  agent. 

As  regards  the  requirements  of  the  navigation,  this  will 
depend  on  the  amount  of  traffic  frequenting  the  port.  Where 
this  is  small,  a  minimum  low-water  width  of  100  to  120  feet 
will  be  sufficient  for  two  vessels  to  pass.  In  fact,  a  very  large 
amount  of  business  may  be  conducted  over  a  river  having  even 
a  less  width  than  this,  as,  for  example,  in  the  Avon  leading  up  to 
Bristol  docks,  where  the  width  of  the  river  at  the  dock  entrance 
is  only  50  feet  at  the  bottom.  In  the  Witham  the  channel 
immediately  below  the  dock  is  only  75  feet  at  the  bottom  and 
100  feet  at  the  low-water  line,  the  width  gradually  increasing 
downwarda  No  difficulty  is  found  in  navigating  vessels  of  from 
1500  to  2000  tons  register  up  and  down  this  river.  It  is  obvious, 
however,  that  a  greater  width  than  this  is  desirable  where  it 
can  be  procured.  As  some  guide,  it  may  be  mentioned  that  the 
width  of  the  Suez  Canal  is  72  feet  at  the  bottom ;  of  the  Amster- 
dam Canal,  89  feet ;  and  of  the  Manchester  Ship  Canal,  120  feet. 

In  the  propagation  of  the  tide,  it  is  essential  that  the  channel 
in  the  lower  reaches  shall  not  only  be  wide  enough  to  allow  of  a 
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free  admission  of  the  tidal  water,  but  shall  be  so  regulated  as 
to  allow  the  tidal  water  to  have  a  free  and  unimpeded  run  to 
the  furthest  limits  attainable,  and  that  for  this  purpose  the 
channel  shall  uniformly  widen  out  from  the  lower  end.  Where 
the  tidal  run  is  short — as,  for  example,  where  it  is  stopped  by  a 
dam  across  the  river,  as  in  the  instances  already  given — the  run 
of  the  tidal  wave  will  be  shorter,  and  a  less  quantity  of  water 
will  require  to  enter  and  pass  up  the  river  than  where  the  tide 
has  a  long  uninterrupted  flow.  A  channel  with  a  short  tidal 
run  may  therefore  have  less  width.  If  the  channel  be  made  too 
wide,  and  be  not  uniformly  contracted,  the  scouring  action  of  the 
ebb  will  not  be  developed  to  the  fullest  extent.  If,  on  the  other 
hand,  it  be  too  contracted,  the  tidal  flow  is  throttled,  and  cannot 
reach  so  far  up  the  river.  It  will  also  have  to  make  up  for 
want  of  area  by  increase  of  velocity,  and  a  bore  will  be  created, 
as  in  the  case  of  the  Seine.  This  excessive  velocity  is  dangerous 
to  the  navigation  and  destructive  to  the  banks. 

The  discharge  of  the  fresh  water  varies  considerably  in 
volume,  shrinking  into  veiy  narrow  dimensions  in  long-con- 
tinued dry  weather,  and  increasing  to  a  stream  of  considerable 
proportion  in  floods.  The  proportion  of  fresh  water  to  tidal  is, 
however,  as  a  rule,  so  small  that  generally  where  the  channel  is 
of  sufficient  capacity  for  the  tidal  flow  it  will  be  sufiicient  to 
discharge  the  land  waters.  There  are,  however,  instances  of 
tidal  rivers  so  contracted  that  in  heavy  freshets  the  velocity 
becomes  so  great  as  to  interfere  with  the  navigation. 

In  order  to  take  full  advantage  of  the  scouring  action  of  the 
water  where  the  river  is  enclosed  within  banks  rising  above 
the  level  of  high  water,  it  is  of  advantage  to  have  what  are 
termed  by  the  French  engineers  a  major  and  a  minor  bed,  the 
latter  being  only  of  sufficient  width  and  capacity  to  retain 
within  itself  all  the  discharge  at  low  water  and  during  the  last 
three  hours  of  the  ebb,  the  high-water  banks  being  set  back^ 
leaving  a  cess  or  margin.  The  cess  or  space  between  the  low- 
water  channel  and  the  bank  should  not  be  flat,  as  in  this  case 
the  lateral  expansion  of  the  inflowing  tide  is  sudden,  and  causes 
an  eddying  of  the  water  detrimental  to  its  free  flow,  but  should 
join  the  bank  with  a  gradual  slope.  The  height  of  the  banks  of 
the  low-water  channel  should  not  rise  higher  than  half-tide  level. 

It  is  not  possible  to  lay  down  any  exact  formula  for  regu- 
lating the  widths  of  tidal  channels.     The  circumstances  attend- 
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ing  every  different  river  are  so  varying  and  complex  that  the 
determination  of  this  matter  must  be  settled  by  judgment  and 
experience,  strengthened  by  a  consideration  of  the  natural 
conditions  in  which  a  channel  exists  before  improvement  is 
commenced.  In  natural  tidal  channels  it  will  be  found  that 
the  width  does  not  increase  gradually,  but  the  proportion  of 
increase  augments  rapidly  downwards  the  nearer  ^e  sea  is 
approached.  This  law  of  increase  may  be  expressed  by  the 
following  formula,  by  means  of  which,  the  width  at  the  upper 
and  lower  end  of  a  river  being  given,  the  intermediate  width 
at  any  given  point  may  be  found 

Let  M  be  the  mean  low-water  width  of  a  tidal  river  at  any 
place  near  the  outfall ;  M',  the  width  at  any  other  place  some 
distance  up  the  river;  N,  the  number  of  miles  between  M  and 
M';  2^,  any  intermediate  width  required,  distant  N'  miles  from 
M';  then — 

X  =  M'(l  +  C)N' 

and  C  is  determined  by  the  formula — 

^    M' 

The  working  out  of  this  formula  running  into  a  great 
number  of  figures,  it  can  only  be  conveniently  used  by  the  aid  of 
logarithms.  Applying  this  formula  to  the  river  Humber  between 
Groole  and  Spurn  Point.  The  mean  low-water  width  at  the 
former  place  is  924  feet,  and  at  the  latter  18,000  feet,  and  the 
distance  45  miles.  The  fii*st  column  gives  the  mean  existing 
widths  at  different  points  along  the  river ;  the  second,  the  width 
as  calculated  by  the  above  formula;  and  the  third,  the  width 
supposing  the  channel  augmented  by  an  average  mileage  rate  of 
increase. 
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Applying  the  same  formula  to  the  Thames  and  the  Trent, 
the  results  work  out  with  a  very  near  approximation  to  the 
actual  low-water  widths  of  those  rivers. 

Straight  and  Curved  Channels. — For  the  purposes  of  naviga- 
tion, and  also  for  the  free  propagation  of  the  tidal  wave,  a 
straight  channel  has  advantages  over  a  curved  one,  especially  if 
the  bends  are  abrupt  and  frequent.  Straight  reaches  are  not, 
however,  found  in  practice  to  preserve  the  same  uniformity  of 
depth  as  curved  channels  under  the  varying  conditions  of  flow  to 
which  they  are  subject.  In  all  channels  there  is  a  tendency  to 
deposit  at  certain  seasons.  Where  the  channel  has  been  fixed 
in  a  straight  reach,  this  deposit  is  not  spread  uniformly  over  the 
bottom,  but  gathers  in  shoals,  first  on  one  side  and  then  on  the 
other.  Where,  also,  the  bottom  consists  of  sand  or  other  material 
liable  to  erosion,  the  same  efiect  takes  place ;  the  bed  becomes 
scoured  out  in  one  part,  and  shoaled  in  another.  These  shoals,  if 
spread  out  evenly,  would  not  diminish  the  navigable  depth  to 
the  same  extent  as  they  do  in  the  tortuous  course  which  they 
aissume. 

The  particles  of  water  in  a  stream  move  along  with  a  rolling 
or  circular  motion ;  a  curved  channel  lends  itself  more  readily  to 
this  action  than  one  that  is  straight.  The  natural  condition 
of  all  rivers  is  to  flow  in  a  series  of  bends,  and  the  same  agency 
which  effects  this  winding  course  operates  in  the  bed  of  a  wide, 
straight  reach. 

In  a  curved  channel  the  greater  velocity  and  scouring  action 
of  the  stream  is  concentrated  on  one  side,  preventing  deposit 
altogether,  or  causing  it  to  accumulate  on  the  convex  side  only, 
leaving  the  greater  part  of  the  bed  of  the  river  at  its  full 
navigable  depth. 

A  concave  bank  sets  up  a  scouring  action  in  the  current  by 
diverting  the  particles  of  the  water  from  their  straight  course, 
causing  that  rotary  motion  and  boring  action  which  occurs  in 
all  bends,  and  which  operates  in  deepening  the  channel  along 
the  concave  side. 

From  the  observations  made  by  Mr.  Ripley,  already  quoted 
in  Chapter  III.,  it  was  found  that  in  a  naturid  river  the  water 
was  58  per  cent,  deeper  in  the  curved  portion  of  the  channel 
than  in  the  straight  reaches. 

Mr.  Stevenson  says  that  this  question,  whether  a  channel 
should  be  curved  or  straight,  cannot  be  determined  by  abstract 
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considerations,  but  by  the  relative  positions  of  the  points  between 
which  the  stream  is  to  be  conducted.  As  a  purely  abstract 
question,  he,  however,  was  of  opinion  that  it  might  safely  be 
aflSrmed  that  a  stream  is  most  likely  to  follow  a  permanent 
course  when  directed  by  a  concave  bank ;  that  the  centiifugal 
force  in  curved  channels  has  a  tendency  to  draw  the  greater 
portion  of  the  water  to  the  concave  side,  and  that  the  greatest 
scouring  power  will  be  found  on  that  side ;  whereas  in  a  channel 
directed  by  straight  walls,  the  current,  having  no  such  bias  for 
either  side,  is  more  easily  thrown  across  from  side  to  side. 

Mr.  Scott-Russel,  in  pointing  out  the  evils  which  had  arisen 
from  the  abrupt  interpolation  of  portions  of  straight  cuts  into 
gently  winding  rivers,  expressed  the  opinion  that  to  make  part 
of  a  natural  river  straight  was  a  dangerous  undertaking ;  that 
where  the  curves  were  gentle  the  natural  bends  should  not!  be 
interfered  with ;  that  a  river  has  an  oscillating  motion,  and  there 
is  a  similar  process  going  on  in  it  to  that  which  goes  on  in 
a  pendulous  body.  A  pendulum  set  in  motion  continues  to 
oscillate  isochronously  without  the  expenditure  of  any  new 
force,  and  in  like  manner,  if  once  a  curve  or  bend  was  estab- 
lished in  a  river  with  considerable  current,  the  mere  fact  of  the 
commcQcement  of  curvature  would  give  it  a  tendency  to  continue 
that  curvature,  and  the  stream  would  go  on  oscillating  regu- 
larly to  the  sea  in  curves  of  opposite  curvature.  Continuity  of 
a  system  of  oscillation  should  therefore  be  maintained. 

Captain  Calver,  speaking  of  the  improvement  of  rivers,  says 
that  straight  reaches  are  strictly  to  be  avoided,  more  particularly 
where  there  is  an  established  business  upon  the  banks  of  the 
river  to  be  trained.  With  a  straight  reach  the  deep-water  track 
is  acted  upon  by  the  most  trifling  causes,  ranging  from  side  to 
side  at  will,  and  it  follows  that  under  these  circumstances  there 
is  no  security  whatever  for  the  permanency  of  the  deep  water, 
either  in  a  fixed  channel  or  at  the  shipping  berths. 

The  commission  of  engineers  employed  by  the  French 
Government  to  report  as  to  the  improvement  of  the  navigation 
of  the  estuary  of  the  Seine,  in  recommending  the  extension  of 
the  training  walls  through  the  estuary  down  to  Honfleur,  advised 
that  these  should  assume  a  sinuous  form,  having  a  concave  bend 
leading  to  the  entrance  to  Honfleur  harbour,  in  order  that  deep 
water  should  be  maintained  at  the  entrance  jetties. 

M.  Fontaine,  in  designing  works  for  the  rectification  of  the 
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Rhine,  avoided  straight  cuts  and  adopted  curves.  In  the  deter- 
mination of  the  radii  of  curvature,  he  was  guided  by  the  inclina- 
tion and  force  of  the  current.  The  maximum  length  of  radius 
of  curvature  adopted  was  5000  feet  where  the  depth  was  50 
feet,  and  where  the  depth  was  36  feet  the  radius  was  fixed  at 
4100  feet.  General  Eads  also  adopted  a  curved  form  for  the 
jetties  for  the  south  pass  of  the  mouth  of  the  Mississippi.  In 
the  Weser  no  attempt  has  been  made  to  straighten  the  channel, 
the  existing  curves  being  eased  and  improved.  By  cutting  oflF 
abrupt  bends,  contracting  the  width  where  too  great,  fixing  the 
course  through 'sands,  and  deepening  where  required,  a  channel 
may  be  brought  into  a  uniform  condition  with  a  series  of  gentle 
curves  and  rendered  serviceable  for  navigation  at  far  less  cost 
and  with  better  results  than  by  making  an  entirely  new  cut. 
The  course  may  not  be  so  direct  in  the  former  as  in  the  latter 
case,  but  the  want  of  directness  will  probably  be  fully  balanced 
by  the  more  permanent  maintenance  of  a  uniform  depth  through- 
out, and  the  greater  scouring  power  of  the  ebb  and  flood  water. 

In  determining  the  direction  of  a  curved  channel,  the  radius 
of  curvature  should  be  as  large  as  circumstances  will  admits 
having  regard  to  the  due  maintenance  of  the  scouring  action ; 
and  all  curves  should  be  tangential  to  each  other  or  to  the 
straight  parts  of  the  reach  with  which  they  are  connected. 

Where  curves  succeed  one  another  there  is  always  a  tendency 
to  shoal  at  the  place  of  contrary  flexure. 

To  obviate  this,  the  width  of  the  channel  may  with  advan- 
tage be  diminished  from  the  summit  of  the  bend  to  the  point 
of  reverse  curvature.  The  amount  of  this  reduction  has  been 
placed  at  from  5  to  25  per  cent. 

The  Seine  engineers  have  advised  that  the  width  of  the 
training  walls,  when  extended  below  Berville,  should  be  reduced 
from  2950  to  2790  feet,  and  below  this,  at  the  next  curve,  from 
4430  to  4265  feet,  equal  to  a  reduction  of  from  4  to  5  per  cent. 

With  a  curve  of  sharp  radius  there  is  not  only  the  physical 
difficulty  of  steering  a  long  vessel  round,  but  the  velocity  of  the 
current  is  also  unduly  increased,  which  adds  to  the  difficulty  of 
navigation. 

A  curve  that  may  be  navigable  where  the  current  is  slack 
may  be  impracticable  if  the  tide  is  running  with  much  velocity. 
The  radius  of  the  curve  should  therefore  bear  a  relation  to  the 
velocity  of  the  current. 
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Mr.  Mengin,  in  his  "  Memoir  on  the  l^dal  Seine/'  gives  as 
a  rule  that  the  radius  of  curves  ought  to  increase  with  the 
velocity  nearly  as  the  quantity  AV*,  where  A  represents  the 
width  of  the  bed  at  low  water  and  V  the  velocity,  of  the  current 
in  feet  per  second.  So  that  if  a  curve  of  1000  feet  was  sufficient 
in  a  channel  120  feet  wide  where  the  velocity  was  3  feet  per 
second,  if  this  were  increased  to  4  feet  the  radius  would  require 
to  be  nearly  double. 

The  least  radius  that  a  vessel  300  feet  long  can  safely 
navigate  in  a  channel  having  a  low-water  width  of  from  100  to 
120  feet  is  1000  feet,  when  the  current  is  slack.  Such  a 
sharp  curve  is,  however,  undesirable.  In  the  previous  chapter 
several  examples  have  been  given  of  curvatures,  and  the  class  of 
navigation  to  which  they  are  adapted. 

There  is  no  practical  difficulty  in  lighting  a  curved  channel 
or  in  so  disposing  the  leading  lights  that  a  vessel  may  navigate 
it  safely  in  the  dark  tides. 

M.  Fargue,  Inspector-General  des  Fonts  et  Chaustes  in 
France,  has  paid  considerable  attention  to  the  subject  of  curved 
channels,  and  has  deduced  a  code  of  laws  relating  to  the  same 
from  facts  obtained  from  a  series  of  observations  on  the  Garonne, 
and  also  from  an  artificial  channel  constructed  for  the  purpose 
of  an  inquiry  by  a  commission  appointed  to  report  as  to  the  best 
means  of  improving  the  access  to  the  harbour  of  Bordeaux  in 
1876.  This  artificial  channel  was  made  with  five  curves,  and 
was  200  feet  long,  3*23  feet  wide,  and  the  same  depth,  these 
dimensions  representing  approximately  a  portion  of  the  Garonne 
to  a  scale  of  7^.  The  channel  was  supplied  with  a  stream  of 
running  water  from  the  canal,  the  bottom  being  formed  on  a 
bed  of  sand.  The  object  of  the  experiment  with  this  artificial 
channel  was  to  ascertain  how  far  the  laws  laid  down  by  M. 
Fargue  as  to  curves  conformed  to  the  actual  facts  as  shown  in 
the  Garonne.  One  part  of  the  channel  was  formed  with  curves 
laid  out  in  accordance  with  his  rules,  and  the  other  by  a  series 
of  reverse  curves  and  straight  lines  uniting  with  one  another 
tangentialiy,  a  uniform  width  of  3*23  feet  being  maintained 
throughout.  The  summits  of  these  curves  were  40  feet  apart, 
and  the  radius  of  curvature  32*80  feet  With  these  curves  it 
was  found  that  shoals  were  formed  on  the  convex  side  of  the 
channel,  and  deep  water  on  the  concave  side ;  but  the  distribu- 
tion was  very  irregular,  and  at  each  change  of  bend  a  bar  ran 
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across  the  channel.  The  other  set  of  reverse  curves  had  a  radius 
of  13*12  feet,  the  distance  between  the  summit  of  the  curves 
was  40  feet,  the  distance  from  the  end  of  each  arc  9*84  feet, 
making  the  straight  line  between  the  two  19*68  feet.  The 
width  of  the  channel  at  the  summit  of  the  inflexion  was  6'56 
feet,  gradually  diminishing  to  492  feet,  or  25  per  cent,  less  at 
the  point  where  the  channel  began  to  change  from  the  concave 
to  the  convex  bend,  and  then  increasing  again  to  the  same 
width  at  the  summit  of  the  following  curve.  In  the  channels 
thus  set  out,  the  deep  water  maintained  a  regular  and  con- 
tinuous curve  round  the  concave  side  of  the  channel,  across  the 
centre  of  the  intervening  point  of  contrary  flexure  to  the  suc- 
ceeding concave  portion  of  the  next  bend. 

From  the  observations  obtained  in  the  Garonne  and  in  this 
artificial  channel,  M.  Fargue  has  formulated  the  following 
rules: — 

1.  The  longitudinal  section  of  a  river  follows  the  form  of  the 
channel,  there  always  existing  a  relation  between  the  windings 
and  the  depth. 

2.  A  channel  presents  more  approach  to  regularity  in  depth 
when  the  curves  vary  in  a  regular  and  continuous  manner. 

3.  In  order  that  a  channel  may  be  stable,  it  must  have  a 
succession  of  curves  alternately  concave  and  convex,  and  uniting 
straight  lines  formed  by  the  prolonged  direction  of  the  portion 
of  the  channel  where  the  curve  changes  its  direction.  The 
distances  between  two  consecutive  points  of  inflexion  must  not 
be  too  small  or  too  great.  Where  this  is  the  case  the  bed  con- 
sists of  a  series  of  pools  and  shoala  If  the  latter  are  dredged 
out  they  will  form  again. 

4.  In  order  that  the  deep  water  may  be  continuous  and 
regular,  the  curves  must  have  graduated  bends,  the  channel 
being  widest  at  the  summit  of  the  curve,  and  most  contracted 
in  the  portion  where  the  curve  changes  direction. 

5.  The  width  of  the  channel  must  vary  with  the  amount  of 
curvature  and  the  distance  the  curves  are  apart. 

G.  The  points  of  inflexion  must  be  distant  from  each  other 
by  a  distance  depending  on  the  width  of  the  channel. 

In  the  Garonne  it  was  found  that  the  deep  water  was  con- 
tinuous and  the  channel  stable  when  the  distances  between  the 
curves  were  not  greater  than  5000  feet  or  less  than  3000; 
when  the  width  at  the  summit  of  the  curves  was  656  feet,  and 
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at  the  commencement  492  feet,  or  25  per  cent,  less,  and  the 
distance  between  the  points  where  the  inflexion  changed  was 
984  feet,  or  twice  the  least  width  of  the  bed. 

Where  shoals  of  shingle  and  sand  have  been  dredged  out  of 
the  river  Garonne,  and  a  direction  given  to  the  deepened  part  in 
accordance  with  these  rules,  the  channel  has  subsequently  main- 
tained its  depth  and  stability. 

The  Sea  Approaolt — The  direction  in  which  a  channel  enters 
the  sea  is  a  matter  that  requires  very  careful  consideration,  and 
can  only  be  determined  after  a  full  examination  of  all  the  local 
agencies  in  operation.  The  impossibility  of  laying  down  any 
uniform  direction  as  that  which  will  give  the  best  results,  is 
shown  by  the  fact  that  both  natural  channels  and  those  which 
have  been  trained  to  the  sea  by  artificial  piers  with  satisfactory 
results  effect  their  junction  in  diametrically  opposite  directions, 
some  trending  with  the  set  of  the  ebb  and  flood  current,  some  at 
right  angles  to  the  line  of  shore,  and  others  trending  away  to  the 
leeward  at  various  angles.  The  advantages  of  the  diflerent 
directions,  and  the  best  method  of  directing  a  river  channel  into 
the  sea,  will  be  found  dealt  with  in  the  chapter  on  "  Training." 

Methods  of  Improvement. — There  are  two  methods  of  improv- 
ing the  channels  of  tidal  rivers — training  and  dredging.  Fre- 
quently the  two  are  combined.  Training  is  required  for  directing 
and  controlling  a  channel,  and  bringing  it  within  uniform  bounds. 
The  increased  scour  derived  from  the  concentration  of  the  energy 
of  the  water  frequently  results  in  the  deepening  of  the  channel. 
This  is  especially  the  case  in  rivers  having  a  small  tidal  rise,  and 
discharging  a  large  amount  of  upland  water. 

In  the  Seine,  nearly  the  whole  of  the  material,  amounting  to 
over  80  million  cubic  yards,  removed  from  the  improved  channel 
was  carried  out  by  the  transporting  power  of  the  water,  dredg- 
ing in  this  case  only  being  resorted  to  for  the  removal  of  hard 
clay  shoals.  In  the  Mississippi  the  bulk  of  the  material  was 
removed  by  scour,  a  small  amount  of  dredging  only  being 
employed  to  hasten  the  work. 

In  tidal  rivers  training  alone  has  not  always  been  carried  out 
with  the  same  success.  In  the  Tees,  although  the  material  to  be 
removed  was  principally  sand,  the  training  works  had  to  be 
supplemented  by  a  very  large  amount  of  dredging  before  the 
required  depth  could  be  obtained.  In  the  Maas,  it  was  antici- 
pated that  by  confining  and  directing  the  current  the  scour 
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would  be  sufficient  to  deepen  and  enlarge  the  channel  to  the 
required  dimensions,  and  a  very  large  amount  of  material  was 
thus  removed,  but  finally  dredging  had  to  be  resorted  to  to 
complete  the  work  and  give  the  required  depth.  The  training 
works  in  the  Clyde  have  been  of  immense  advantage  in  straighten- 
ing the  channel  and  regulating  the  current,  but  the  depth  which 
enables  vessels  of  large  capacity  to  reach  Glasgow  is  due  to  the 
dredging  operations.  In  the  Weser  the  river  was  straightened 
by  training,  but  the  deepening  was  principally  effected  by  dredg- 
ing, the  material  removed  being  placed  at  the  back  of  the 
training  walls. 

The  effect  derived  from  training  takes  time  to  develop,  and 
the  full  benefit  of  the  deepening  is  seldom  felt  until  a  consider- 
able period  after  the  work  is  completed.  The  benefit  to  naviga- 
tion is  more  quickly  realized  when  the  deepening  is  also  assisted 
by  dredging,  not  only  by  the  actual  material  removed  by  the 
dredger,  but  the  disturbance  of  the  material  by  the  buckets 
assists  its  transport  by  the  water. 

When  the  bed  of  the  channel  is  day  or  hard  soil,  dredging  of 
some  kind  becomes  a  necessity. 

The  great  improvements  which,  during  the  last  few  years, 
have  been  made  in  dredging-machinery,  particularly  by  the  use 
of  suction  and  hopper  dredgers,  have  placed  at  the  disposal  of  the 
engineer  a  means  of  deepening  rivers  at  a  much  lower  cost  than 
formerly  existed. 

In  many  cases  training,  followed  by  subsequent  dredging,  has 
been  carried  out  where  the  desired  improvement  could  have 
been  effected  by  dredging  alone. 

Tidal  currents  will,  without  any  aid  from  training,  keep  to 
the  same  channel  if  sufficiently  deep.  The  tendency  of  all  flow- 
ing water  is  to  run  along  the  line  of  the  deepest  channel, 
especially  if  that  line  is  in  the  direction  most  favourable  for  the 
run  of  the  flood  and  ebb.  The  chief  factor  in  the  disturbance 
of  the  direction  of  tidal  channels  is  wind,  or  the  flowing  down 
of  occasional  heavy  freshets  from  the  uplands.  In  a  channel 
having  a  sufficient  depth,  the  upland  water  bears  a  less  pro- 
portion to  the  ordinary  low  water  in  the  channel  than  when 
this  is  shallow ;  its  power  to  divert  it  to  a  new  direction  is 
therefore  less,  and  consequently  it  assimilates  its  action  and 
direction  to  that  of  the  existing  low-water  tidal  current.  The 
effect  of  wind  in  an  estuary  on  the  low- water  channels  is  super- 
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ficial,  and  extends  only  a  short  distance  below  the  surface. 
Gales  which  may  be  able  to  change  the  direction  of  shallow 
channels  are  powerless  to  do  so  in  deeper  water. 

It  is,  therefore,  quite  possible,  with  such  appliances  as  now  are 
at  the  disposal  of  an  engineer,  to  make  a  deep-water  channel 
through  an  estuary  composed  of  sand  or  free  soil,  which  will 
afterwards  maintain  itself  without  the  aid  of  training  walls.  An 
example  of  this  will  be  found  in  the  channel  leading  up  to  New 
York  Harbour. 

The  lower  bay,  covering  an  area  of  two  square  miles,  is  open 
to  the  Atlantic  Ocean,  and  has  a  tidal  rise  of  5^  feet  The  Main 
Ship  Channel  and  Gedney  Channel  lead  from  the  harbour  through 
this  bay  to  the  Atlantic  (see  Fig.  24).  These  channels  were 
obstructed  by  four  long  shoals,  over  which  the  greater  part  of 
the  vessels  frequenting  the  port  could  only  pass  at  high  water. 
It  was  proposed  by  Major  Gillespie  to  deepen  these  shoals 
6^  feet  by  dredging,  so  as  to  give  a  minimum  depth  of  30  feet  at 
low  water.  This  scheme  being  referred  to  the  Government 
Board  of  Elngineers,  they  reported  that  they  had  little  expecta- 
tion that  anything  more  than  temporary  reUef  could  be  obtained 
by  dredging  in  a  channel  exposed  to  the  full  force  of  the 
Atlantic,  and  therefore  could  not  recommend  that  method  for  a 
permanent  improvement.  They  advised  that  permanent  results 
could  only  be  obtained  by  a  stone  training  wall,  four  miles  in 
length,  across  the  shoals  from  Coney  Island  towards  Sandy 
Hook,  the  estimated  cost  of  the  improvement  by  this  means 
being  £1,250,000,  as  against  £270.360  for  dredging  only. 
Ultimately,  after  some  successful  experimental  trials,  the  dredg- 
ing was  continued,  and  between  1884  and  1890  the  channel  was 
deepened  to  the  requu*ed  depth  by  suction  dredging,  at  a  cost  of 
£258,551.  The  material  removed  was  principally  sand  and 
alluvial  matter.  Thus  by  executing  the  work  in  both  channels 
by  dredging  without  training,  an  unnecessary  expenditure  of 
about  £1,000,000  has  been  saved,  and  less  time  occupied  in 
satisfactorily  completing  the  improvement,  and  so  sooner  pro- 
viding better  facilities  for  the  navigation.  So  far  there  have 
been  no  signs  of  shoaling  taking  place,  although  the  bay  has 
been  visited  by  severe  storms  since  the  channel  has  been  com- 
pleted. An  official  report  made  a  year  after  the  work  was 
finished,  stated  that  there  was  then  a  continuous  channel  at  low 
tide  1000  feet  wide  and  30  feet  deep  from  the  narrows  to  the 
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ocean.  ("  Improrement  of  the  Channels  at  the  Entrance  to  the 
Harbour  of  New  York,"  J.  Edwards :  Trans.  ArMri^an  Society 
of  Engineera,  1891.) 


Dnttlim  of  CAanm/i 


On  the  coast  of  Belgium,  the  approach  to  Oatend  has  been 
unproved  by  dredging  a  channel  in  the,  open  sea  through  a 
large  bank  of  sand  called  the  Stroom  Bank,  running  parallel 
with  the  coast.     The  channel  dredged  is  2000  feet  wide  and 
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10  feet  deep  at  low  water.  No  dredging  has  been  done  in  this 
channel  since  the  autumn  of  1891,  and  the  depth  has  remained 
practically  the  same.  (''  Maintenance  of  Ports  on  Sandy  Coasts/' 
P.  De  Mey :  1893.) 

With  channels  consisting  of  a  series  of  shoals  and  deep  places, 
such  as  are  frequently  to  be  met  with  in  estuaries,  in  situations 
sufficiently  sheltered,  these  may  be  economically  improved  and 
deepened  by  removing  the  material  by  suction  dredgers,  and 
depositing  the  material  through  troughs  or  pipes  on  to  the  sides 
at  a  sufficient  distance  to  prevent  its  washing  back,  or  by 
depositing  it  from  hopper  barges  into  low  places  or  subsidiary 
channels,  and  so  assisting  to  concentrate  the  flow  of  the  currents 
in  one  main  channel 

By  thus  judiciously  placing  the  dredged  material,  even  if 
only  sand,  in  the  low  places,  the  tidal  water  coming  into  the 
estuary  may  be  trained  and  directed  into  the  main  stream. 

Where  dredging  has  to  supplement  training,  the  cost  of  the 
work  may  be  very  considerably  reduced  by  carrying  the  works 
on  simultaneously.  Whether  the  training  consist  of  stones  or 
fascines,  it  is  necessary  to  give  considerable  substance  to  the 
walls  to  prevent  the  work  being  carried  away  as  the  walls  rise 
above  the  level  of  low  water.  The  walls,  which  at  first  rise 
above  the  level  of  the  sands,  subsequently  become  buried  by 
the  material  which  accretes  at  the  back,  the  face  only  being 
then  of  any  service.  As  the  wall  is  raised,  if  sand  or  other 
material  to  be  removed  from  the  channel  be  conveyed  from  the 
dredgers  through  troughs  or  pipes  to  the  back  of  the  new  wall, 
this  will  require  to  be  of  much  less  substance,  and  the  quantity 
of  stone  or  fascines  required  be  little  more  than  is  necessary  to 
provide  a  facing.  A  place  of  deposit  for  the  dredgings  is  at  the 
same  time  provided  at  much  less  cost  than  if  it  had  to  be 
removed  by  hoppers. 

Before,  therefore,  deciding  on  an  expensive  system  of  train- 
ing walls,  it  is  desirable  to  give  due  consideration  as  to  whether 
an  existing  channel  cannot  be  regulated,  deepened,  and  improved 
by  dredging  alone. 

Examples  of  various  methods  of  improvement  and  the  cost 
of  the  work  will  be  found  in  the  chapters  on  "  Training  and 
Dredging." 

Conditions  of  a  Tidal  Biver  in  Oood  Order. — ^A  tidal  river  in 
good  order  ought  to  fulfil  the  following  conditions : — 

o 
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1.  The  tidal  wave  at  the  foot  of  the  tide  should  be  propa- 
gated at  a  rate  of  not  less  than  10  miles  an  hour. 

2.  The  level  of  high  water  should  not  be  lower  at  the  port 
up  the  liver  than  at  the  mouth. 

3.  The  duration  of  the  tide — that  is»  from  first  of  flood  to  high 
water — should  not  be  less  than  from  4  to  5  hours. 

4.  The  velocity  of  the  tidal  current  should  not  exceed  2^ 
miles  an  hour. 

5.  The  depth  at  low  water  should  be  sufficient  for  the  navi- 
gation of  the  ordinary  craft  frequenting  the  port,  and  at  mean 
high  water  allow  2  feet  under  the  keel  of  the  largest  vessels. 

6.  The  width  should  diminish  from  the  mouth  upwards,  the 
progressive  widths  being  greater  in  proportion  at  the  lower  end 
than  the  upper. 

7.  The  channel  should  not  have  in  it  any  curves  of  less 
radius  than  2500  feet. 

8.  The  section  of  the  channel  should  be  large  enough  to 
allow  the  upland  water  in  floods  to  flow  down  at  a  velocity  that 
will  not  materially  interfere  with  the  navigation. 


CHAPTER  IX. 

TRAINING. 

The  purpose  to  be  attained  in  training  a  river  is  to  fix  the 
channel  in  one  position,  and  to  regulate  its  width  so  that  the 
water  shall  flow  without  disturbance ;  and  that  the  whole  force 
of  the  tidal  and  fresh-water  currents  shall  be  concentrated  in 
maintaining  one  deep  uniform  channel. 

In  a  shallow  channel  running  through  an  estuary  where  the 
sands  are  sufficiently  mobile,  the  force  of  both  flood  and  ebb  is 
expended  in  rolling  over  immense  quantities  of  material  and 
forming  fresh  courses,  the  water  being  encumbered  with  the 
sand  thus  eroded  and  set  free. 

In  a  trained  channel,  in  place  of  a  wide,  shallow  body  of 
water  trailing  over  a  series  of  newly  formed  channels,  wasting 
its  energy  in  rolling  the  sands  about,  the  current  becomes  an 
energetic  agent,  doing  good  work  in  the  right  place.  By  guiding 
the  first  of  the  flood  and  the  last  of  the  ebb  by  means  of  train- 
ing walls,  the  strength  of  the  current  operates  in  the  same  line 
of  channel,  and  thus  a  much  greater  permanent  depth  is  secured. 

Meet  of  Training  on  Estuaries. — There  has  been  recently  some 
controversy  as  to  the  effect  of  training  walls,  and  it  has  been 
urged  that  training  tends  to  accretion,  and  so  diminishes  the 
capacity  of  the  estuary  and  the  quantity  of  tidal  water  passing 
in  and  out;  and  that  it  may  have  a  damaging  effect  on  the 
outfall  of  the  channel  where  it  empties  into  the  sea,  and  may 
tend  to  the  shoaling  of  the  water  over  the  bar  where  one  exists, 
or  even  be  the  means  of  creating  one.  This  theory  was  put 
forward  very  prominently  by  the  opponents  to  the  first  scheme, 
proposed  by  Mr.  Leader  Williams,  for  the  approach  to  the 
Manchester  Ship  Canal  through  the  upper  estuary  of  the 
Mersey,  which  consisted  of  training  and  guiding  the  water  in 
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one  main  channel,  instead  of  allowing  it  to  wander  all  over  the 
estuary. 

Sufficient  allowance  does  not  appear  to  be  given  by  those 
who  raise  this  objection  to  the  fact  that  training  does  not  create 
material.  Mr.  Stevenson  ("  River  Engineering ")  says  on  this 
subject,  "It  is  difficult  to  conceive  in  what  way  parallel  training 
walls  formed  in  an  estuary  can  operate  either  in  bringing  down 
additional  alluvial  matter  from  the  river  above,  or  in  bringing  up 
additional  detritus  from  without  the  bar.  .  .  .  The  tendency  of 
works  of  this  kind  is  not  necessarily  to  produce  additional 
accumulation,  but  simply  to  alter  the  disposition  of  the  existing 
materials  of  which  the  bed  of  the  estuary  was  originally  com- 
posed. . . .  Even  if  a  deposit  does  take  place,  the  compensation 
afforded  to  the  navigation  by  well-designed  works  is  very 
much  greater  than  is  generally  supposed."  He  shows  that  this 
was  the  case  in  the  river  Lune,  where  training  walls  had  been 
put  in.  Very  careful  observations  showed  that,  while  an 
accumulation  of  sand  had  taken  place  in  one  part  of  the  estuary 
on  account  of  the  training,  in  other  parts  the  sands  had  lowered 
to  an  equal  degree. 

Accretion  and  Seclamation. — Training  may  lead  to  a  new 
disposition  of  the  sands,  accumulation  in  one  place  being  com- 
pensated by  denudation  in  another,  the  tidal  area  remaining  the 
same,  and  the  condition  of  the  estuary  may  be  improved  by  the 
water  being  less  encumbered  by  the  moving  sand. 

Even  allowing  that  training  may  be  the  means  of  arresting 
some  of  the  alluvium  brought  down  by  the  river,  which  otherwise 
would  have  been  carried  out  to  sea,  this  will  be  fully  compen- 
sated for  by  the  increased  volume  of  water  gained  by  the 
deepening  of  the  channel.  The  training  and  consequent  raising 
of  the  foreshore  may  also  be  the  means  of  checking  erosion 
which  has  been  acting  on  the  shores. 

The  result  of  preventing  the  constant  shifting  of  the  sands 
also  allows  the  surface  to  become  coated  with  grass  or  other 
marine  vegetation,  and  by  this  means  preventing  the  action  of 
winds  in  disturbing  the  sand  and  allowing  it  to  be  carried  off 
by  the  ebb  from  the  foreshore  into  the  channel. 

The  accretion  consequent  on  training  frequently  leads  to 
reclamation,  portions  of  the  estuary  being  enclosed,  thus  diminish- 
ing its  tidal  area.  The  effect  of  reclamation  in  its  damaging 
effect  on  the  outfall  of  rivers  has,  however,  been  much  over-rated. 
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The  Tidal  Harbour  Commissioners,  who  were  appointed  about 
tifty  years  ago  to  investigate  the  condition  of  the  harbours  and 
tidal  rivers  of  this  country,  seem  to  have  started  with  the  fixed 
idea  that  any  enclosure  from  a  tidal  area  must  necessarily 
•damage  the  outfall  of  the  river,  and  the  bad  condition  of  many 
rivers  was  ascribed  to  this  cause,  when  it  could  be  clearly  traced 
to  other  sources.    The  unqualified  opinion  expressed  by  these 
*Commi8sioners   appears  to  have  become  stereotyped,  and  has 
>since  been  adopted  by  many  engineers  without  a  due  considera- 
tion being  given  to  all  the  local  circumstances  that  may  prevail 
in   an  estuary.      For  example,  the  river  Dee    is  universally 
-quoted  as  an  example  of  the  damage  caused  to  a  navigable  river 
by  training,  followed  by  reclamation.    An  investigation  into  all 
the  causes  which  have  operated  in  this  river  will  show  that  no 
such  lesson  is  to  be  gathered  from  its  condition.    As  a  matter  of 
fact,  it  became  and  has  remained  in  far  better  condition  as  a 
navigable  waterway,  and  has  a  greater  depth  of  water  than  it  had 
before  the  works  were  carried  out,  and  the  depth  over  the  bar 
has  not  diminished.     It  is  true  that  the  improved  depth  antici- 
pated and  promised  when  the  works  were  laid  out  has  not,  until 
quite  recently,  been  fully  realized.    The  cause  of  this  was  due, 
however,  to  the  fact  that  the  water  was  driven  out  of  its  natural 
direction  into  a  long  straight  channel,  terminating  in  abrupt 
bends  at  one  end,  and  in  a  bed  of  shifting  sands  at  the  other ; 
that  this  channel  was  made  too  wide  in  proportion  to  the  area 
which  the  river  drained ;  and  that  consequently  the  current  of 
the  fresh  water  was  not  sufficiently  concentrated  to  give  it  the 
necessary  scouring  power.    No  attempt  was  made  to  assist  the 
removal  of  the  sand  in  the  channel  by  dredging,  and  the  free 
run  of  the  tide  was,  and  is  still,  interfered  with  by  a  weir  across 
the  river. 

The  estuary  of  the  Seine  has  also  been  quoted  as  an  example 
of  the  ill  effect  of  reclamation  following  on  training,  it  being 
contended  that,  owing  to  the  diminution  of  the  tidal  receptacle 
by  the  land  enclosed,  the  scour  has  been  weakened  in  the  estuary 
below  the  training  walls,  and  the  deposit  of  sand  has  conse- 
quently increased,  and  that  this  may  ultimately  have  an 
injurious  effect  on  the  scouring  action  of  the  tidal  water  in 
maintaining  the  sea  channels.  A  careful  investigation  of  all 
the  conditions,  however,  shows  that  in  this  case,  as  in  others,  the 
apparent  increase  of  deposit  is  merely  a  redisposition  of  the  sand ; 
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and  that,  as  a  matter  of  fact,  the  channel  seawards  of  Havre, 
where  an  obstruction  from  a  bar  would  exist  if  anywhere,  has 
really  deepened  considerably ;  and  that,  although  the  navigation 
of  the  lower  estuary  is  difficult  owing  to  the  shifting  channels, 
yet  this  is  no  worse  than  it  was  before  the  training  walls  and 
reclamation  were  effected,  and  any  alteration  that  has  taken 
place  is  for  the  better. 

That  large  areas  of  open  eptuary  are  not  necessarily  required 
for  the  maintenance  of  a  tidal  river  is  evidenced  by  the  fact 
that  the  rivers  in  this  country  in  the  best  condition  for  naviga- 
tion, such  as  the  Thames,  the  Humber,  the  Severn,  and  the  Forth, 
have  no  such  open  receptacles  for  the  tidal  water;  and  that 
reclamation  does  not  necessarily  injure  a  river  is  shown  by  the 
fact  that  in  the  Humber,  by  the  enclosure  of  nearly  three-fourths 
of  the  whole  estuary  at  different  times,  no  injury  has  resulted  to 
the  channel,  nor  has  the  absence  of  the  water  that  used  to  flow 
over  this  area  resulted  in  the  formation  of  a  bar  at  its  mouth. 
In  fact,  the  reclamation  of  this  land  has  improved  the  form  of 
the  river,  and  a  channel  sufficient  for  large  vessels  exists  for 
nearly  50  miles  from  the  mouth  without  the  aid  of  any  artificial 
training  works.  On  the  Thames  the  tidal  water  is  now  excluded 
from  a  very  considerable  area  of  land  over  which  it  once  flowed, 
by  enclosures  made  in  the  previous  century,  without  injury  to 
the  channel  or  the  outfall  into  the  sea.  The  fact,  however, 
should  not  be  lost  sight  of,  that  this  abstraction  of  tidal  area  has 
been  compensated  by  extensive  dredging  and  the  removal  of 
obstructions  to  the  tidal  flow.  Nearly  70,000  acres  have  been 
reclaimed  from  the  Wash  since  the  construction  of  the  Roman 
banks  without  creating  any  bar  in  Lynn  Deeps,  or,  as  far  as 
known,  diminishing  the  depth  of  water  there  or  in  Boston  Deeps. 
Large  reclamations  of  land  have  been  made  from  the  estuary  of 
the  Severn  without  decreasing  the  depth  of  the  channel  or  its 
navigable  facilities.  Li  the  Tay,  from  surveys  made  by  Mr. 
D.  Cunningham,  it  was  found  that,  although  the  tidal  area  had 
been  diminished  by  accretions  in  the  upper  part  of  the  estuary, 
yet,  owing  to  compensation  effected  by  other  improvements,  the 
volume  of  tidal  water  had  been  increased  and  intensified  in 
action,  the  channel  improved,  and  the  depth  over  the  bar  increiteed. 
On  the  Tees  upwards  of  2600  acres  of  land  have  been  reclaimed 
as  a  consequence  of  the  training  works,  but  it  has  never  been 
contended  that  this  reclamation  has  in  any  way  injured  the 
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navigable  chaanel  or  prevented  the  deepening  of  the  water  over 
the  bar.  The  tidal  water  has  now  a  longer,  deeper,  and  more 
concentrated  flow  which  more  than  compensates  for  the  abstrac- 
tion of  any  tidal  water  from  the  estuary. 

Training  and  consequent  accretion  may  be  prejudicial  if  it 
results  in  the  exclusion  of  tidal  water  which  formerly  found  its 
way  into  and  fed  the  ebb  current  in  the  main  navigable  channel 
and  exerted  a  scouring  influence  at  the  outfall,  and  so  was 
effective  in  arresting  the  formation  of  a  bar,  or  of  deepening  the 
water  over  it.  But  if  the  tidal  area  consists  of  a  bed  of  loose 
sand,  through  which  shallow  channels  are  continually  shifting 
their  position,  and  from  off  the  surface  of  which  the  ebb  current 
conveys  into  the  channel  large  quantities  of  this  moving  material* 
far  more  harm  is  effected  than  the  scouring  effect  can  do  good 
If,  however,  as  a  consequence  of  accretion,  the  area  becomes 
coated  with  vegetation,  the  water  running  off  the  marshes  and  out 
of  the  creeks,  especially  during  the  last  of  the  ebb,  may  be  a 
valuable  feeder  to  the  ebb  current,  if  it  flnds  its  way  into  the 
main  channel 

On  the  turn  of  the  tide,  the  great  mass  of  water  in  an  estuary 
sets  towards  the  ocean.  As  the  velocity  in  the  main  deep  water 
channels  increases  it  draws  towards  it  the  water  from  the  sides, 
and  the  channel  is  fed  by  the  lateral  supply ;  thus  the  volume 
passing  out  over  the  outfall  is  increased.  Water  that  merely 
flows  into  and  out  of  an  estuary  over  the  sands  without  going 
along  the  main  navigable  channel,  cannot  be  of  any  assistance 
in  keeping  this  channel  open. 

The  vital  point  for  consideration  is  not  the  mere  retention 
of  the  water  area,  but  the  preservation  of  all  that  part  of  the 
estuary  the  water  from  which  has  a  direct  influence  on  the  low- 
water  channel  of  the  outfetlL  A  long  length  of  tidal  run  up  a 
deep  and  deflned  course,  is  of  far  more  value  than  tidal  area  in 
an  estuary.  In  the  one  case,  the  whole  of  the  tidal  flow  passes 
up  and  down  one  course,  and  through  the  outfall  to  and  from 
the  sea.  In  the  other,  a  very  large  proportion  passes  in  and 
out  of  the  estuary  without  ever  entering  the  channel,  or  having 
any  influence  on  the  outfall. 

By  endosing  indents  and  irregularities  in  the  coast-line  the 
form  of  an  estuary  may  be  greatly  improved,  but  in  permitting 
the  exclusion  of  tidal  water,  care  must  be  exercised  that  such 
action  does  not  unduly  cramp  its  access  from  the  sea,  and  space 
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sbonld  be  allowed  for  this  beyond  that  required  for  the  low- 
-water  channeL 

In  an  estuary  of  the  form  shown  in  Fig.  23,  the  enclosure  of 
the  marshes  at  AA  and  AB  by  a  bank,  shown  by  the  dotted 
lines,  would  improve  the  form  by  catting  off  the  indents  and 
irr^olarities,  which  allow  the  tidal  water  to  expand  unduly  at 
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the  upper  end,  and  thus  bringing  the  form  of  the  estnary  to 
a  gradual  and  regular  widening  out  towards  the  sea.  The 
enclosure  of  the  marshes  at  AA  would  only  exclude  tidal  water 
which  finds  Its  way  to  the  sea  over  the  sands  or  by  the  creeks  D, 
the  keeping  open  of  which  might  lead  to  tiie  splitting  of  the 
outfit  channel  into  two  parts  at  C. 

The  conclusions  arrived  at  by  the  section  devoted  to  tidal 
rivers  at  the  International  Congress  on  navigation  held  at  Faris 
in  1892,  was,  that  "  The  regulation  of  the  banks  of  tidal  rivers,  so 
aa  to  remove  abrupt  variations  in  width  equalizes  the  tidal  flow, 
reduces  accretion,  and  facilitates  the  tidal  influx,  and  therefore 
constitutes  an  important  means  of  improvement,  even  if  ac- 
companied by  a  slight  reduction  of  tidal  capacity  at  certain 


TRAINING.  20I 

parts  by  the  obliteration  of  indents,  which  is  generally  more 
than  compensated  for  by  the  improved  scour,  and  consequent 
lowering  of  the  low- water  line,  especially  if  accompanied  by  the 
removal  of  shoals/' 

Oroynes  and  Parallel  WallB. — ^Training  may  be  effected  either 
hy  groynes  running  out  from  the  shore  at  intervals,  by  parallel 
walls,  or  by  a  single  wall.  For  deepening  the  water  at  the  out- 
fall and  over  the  bar,  converging  walls  running  out  from  the 
shore  and  contracting  the  entrance  and  outfall  of  the  tidal  water 
have  also  been  adopted.  Parallel  walls  are  the  most  effective 
and  permanent  way  of  training  rivers.  Groynes  placed  at  right 
angles  or  obliquely  to  the  channel  may,  however,  be  used  in 
some  cases  with  advantage.  When  a  river  is  very  wide,  or 
winds  very  much,  the  current  may  be  diverted  and  gradually 
brought  to  the  intended  line  economically  and  with  little  dis- 
turbance to  the  navigation  by  gi*oynes.  After  the  channel  has 
been  directed  to'  its  new  course  by  this  means,  an  accumulation 
of  the  sand  disturbed  will  rapidly  take  place  between  the  groynes. 
When  this  has  taken  place  the  ends  can  be  joined  together  by 
parallel  walls,  the  depth  to  which  these  will  have  to  be  carried 
being  considerably  diminished  by  the  filling  up  by  the  action 
of  the  groynes  of  deep  gullies  and  holes  crossing  the  line  of  the 
training,  and  by  the  surface  of  the  ground  at  the  back  of  the 
walls  being  raised  before  the  building  commences. 

In  forcing  the  current  in  a  new  direction  by  training  walls, 
a  very  heavy  scour  frequently  occurs,  especially  at  the  end  of 
the  wall  crossing  the  direction  of  the  old  channeL  The  sand  is 
rapidly  washed  away  and  a  deep  hole  formed,  which  follows  the 
training  wall  as  it  advances.  This  absorbs  a  very  large  amount 
of  stone,  nearly  the  whole  of  which  afterwards  becomes  buried. 
Thus  in  the  training  works  for  rectifying  the  bend  in  the  river 
Ouse  below  Goole,  although  the  average  height  of  the  walls  did 
not  exceed  12  feet,  yet  for  a  considerable  length  they  extended 
from  30  to  40  feet  below  low  water.  By  first  directing  the 
channel  into  the  intended  new  course  by  groynes,  this  difficulty 
is  avoided,  and  less  material  is  used  if  the  groynes  are  extended 
gradually,  and  the  channel  coaxed  rather  than  driven  into  the 
new  course. 

The  method  of  first  directing  the  channel  by  groynes  was 
adopted  both  on  the  Clyde,  the  Tyne,  and  the  Tees,  and  also  on 
the  Danube. 
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On  the  Clyde,  the  channel  was  first  regulated  and  brought 
to  its  intended  direction  and  a  uniform  width  by  means  of  stone 
groynes  or  jetties  earned  out  from  the  shore,  upwards  of  two 
hundred  of  these,  varying  in  length  from  50  to  550  feet»  being 
placed  between  Glasgow  bridge  and  Bowling-  After  the  space 
between  these  jetties  had  become  filled  up,  the  ends  were  joined 
together  by  low  rubble  walls.  All  appearance  of  these  groynes 
and  parallel  training  walls  has  now  disappeared,  and  the  river 
for  a  great  part  of  the  way  flows  through  land  above  the  level 
of  high  water.  The  banks  have  slopes  of  1|  to  1,  and  are 
covered  with  whinstone  rubble.  This  was  formerly  hand-pitched 
at  a  cost  for  labour  alone  of  l8.  2d,  per  superficial  yard.  The 
stone  now  is  left  as  laid  on,  and  it  is  found  that  the  slopes  stand 
better  thus  than  pitched,  and  break  the  wash  of  the  steamers 
more  efiectually. 

The  Tyne  was  trained  and  its  width  regulated  by  groynes 
running  out  from  the  shore  at  the  wide  places.  The  ends  of 
these  were,  as  in  the  Clyde,  subsequently  joined  together  by 
low  rubble  parallel  training  walls,  the  greater  part  of  the  material 
being  obtained  from  the  ballast  brought  by  vessels  coming  for 
coal.  The  groynes  were  made  of  yellow  pine  timber,  braced 
together  with  half -timber  walings,  and  the  spaces  between  the 
main  piles  filled  in  with  3-inch  sheet  piles.  The  average  cost 
was  £1  6«.  per  running  foot.  As  the  groynes  were  carried 
through  shifting  sands,  a  covering  of  chalk  rubble,  obtained  from 
the  ballast  brought  by  the  colliers,  9  ipches  in  thickness  for  a 
width  of  9  feet  was  spread  on  each  side  of  them  to  prevent  scour. 
The  deepest  part  of  the  section,  where  the  scour  was  greatest, 
was  generally  closed  first.  Similar  groynes  were  found  to  be 
more  advantageous  than  those  constructed  with  stone  or  rubble, 
as  they  could  be  completed  more  rapidly  and  in  the  end  were 
more  economical 

The  Tees,  which  had  a  very  winding  course  through  the 
estuary,  was  brought  to  a  direct  line  by  means  of  gr9yne&  At 
Bamblets  Bight  the  channel  was  directed  from  close  in  shore 
neai'ly  to  the  middle  of  the  estuary  by  three  timber  groynes 
each  1000  feet  in  length,  connected  from  head  to  head  by  sheet 
piling.  Subsequently  a  groyne  was  run  out  across  the  north 
channel  for  a  distance  of  1400  feet,  and  the  current  directed  into 
the  south  channel  This  groyne  was  formed  of  clay  and  stones 
for  the  first  900  feet,  and  then  of  timber,  supported  on  each  side 
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by  clay  and  stone.  The  groynes  first  run  out  were  afterwards 
connected  together  by  longitudinal  training  walls. 

The  use  of  groynes  has  also  an  advantage,  that  the  width  of 
the  channel  may  be  regulated  and  determined  by  their  aid  before 
the  permanent  training  waUs  are  built.  In  the  works  on  the 
Seine,  the  Maas,  and  the  Mississippi,  the  width  of  the  channels 
was  found  to  be  either  too  restricted  or  too  wide,  necessitating 
in  the  one  case  the  pulling  down  of  the  walls  already  erected, 
and  in  the  others  the  contraction  by  means  of  an  inner  wall 
or  groynes  running  out  at  right  angles  from  the  wall 

Qroynes  as  a  permanent  means  of  training  cause  irregularities 
in  the  flow  of  the  water.  Eddies  and  disturbances  are  set  up  at 
their  ends,  and  also  at  points  in  the  channel  below  them  depend- 
ing on  their  lengtL  The  velocity  of  the  current  is  thus  checked, 
and  the  propagation  of  the  tidal  wave  disturbed  by  the  water 
absorbed  in  filling  the  spaces  between  them. 

Sea  OntfiEdk. — In  determining  the  position  to  be  given  to 
training  walls  in  estuaries  where  they  discharge  into  the  sea,  the 
direction  not  only  of  the  flood  and  ebb  tides  and  of  the  prevailing 
winds  must  be  considered,  but  also  the  amount  of  material  that 
is  transported  along  the  coast,  and  the  direction  from  which  it 
comes. 

In  some  cases  where  there  is  much  littoral  drift,  especially 
of  shingle,  the  outfalls  have  been  driven  considerably  to  leeward. 
In  such  cases  Nature  appears  to  indicate  that  the  water  should 
be  directed  into  the  sea  by  a  curved  channel  having  its  convex 
side  presented  to  the  direction  from  which  the  material  is 
travelling,  and  that  the  training  should  be  so  designed  that  it 
may  be  extended  further  out  seawards  as  the  shore  grows  up 
with  the  accumulated  material. 

A  straight  channel,  having  its  axis  in  the  direction  from 
which  the  heaviest  gales  come,  is  difficult  to  navigate,  and  liable 
to  have  its  entrance  blocked  by  material  driven  up  in  stormy 
weather.  A  channel  in  which  a  ship  has  to  enter  broadside  to 
the  heaviest  prevailing  gales  is  also  difficult  to  navigate. 

Where  one  stream  joins  another,  the  best  direction  for  the 
junction  of  the  tributary  is  by  a  gentle  curve  tangential  to  the 
main  stream.  If  this  rule  were  applicable  to  tidal  channels 
entering  the  sea,  the  outfall  should  be  by  a  curved  channel 
leading  in  the  direction  of  the  main  set  of  the  flood  tide  along 
the  coast    It  will  be  found  that  some  rivers  in  their  natural 
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state^  which  have  deep-water  outfalls  and  no  bars»  comply  with 
this  condition.  On  the  other  hand,  rivers  will  be  found  having 
their  outfialls  as  favourably  circumstanced  which  have  mouths 
debouching  into  the  sea  at  a  sharp  angle  away  from  the  set  of 
the  flood  current. 

Neither  an  examination  of  the  outfidls  of  rivers  in  natural 
condition  round  this  or  other  coasts,  nor  a  study  of  artificially 
trained  rivers,  give  sufficiently  consistent  results  to  guide  in  the 
laying  down  of  any  definite  rule. 

It  may  be  accepted  as  correct  that,  apart  from  considerations 
of  shelter  and  harbour  works,  the  training  walls  of  rivers  should 
be  raised  sufficiently  high  to  direct  the  flow  of  the  water  in  the 
required  direction  and  to  prevent  cross-currents,  and  that,  to  be 
successful,  they  should  never  terminate  in  shallow  water.  The 
direction  given  should  be  such  as  to  draw  the  ebb  and  flood 
current  without  unnatural  disturbance  in  one  stream,  and  they 
should  be  so  designed  as  in  no  way  to  throttle  or  impede  the 
entrance  of  the  tide. 

Where  training  walls  have  not  been  carried  out  into  sufficiently 
deep  water,  their  effect  has  been  short-lived.  Acting  as  a  groyne 
to  stop  the  travel  of  the  littoral  drift,  this  has  rapidly  accumu- 
lated at  the  back,  and  then  found  its  way  round  the  end  into 
the  mouth  of  the  river,  forming  shoals  or  a  bar.  Where  the  pier 
reaches  the  level  of  deep  water,  the  sand  or  shingle  is  kept  in 
continual  agitation  by  the  efiect  of  gales  and  the  tidal  currents, 
and  is  either  drifted  past  the  entrance  or  out  into  the  deeper 
part  of  the  sea. 

Single  Piers  at  the  Mouths  of  Bivers. — ^There  are  cases  where 
a  single  curved  wall,  running  out  from  the  shore-line,  has 
been  sufficient  to  maintain  a  channel  in  the  direction  required* 
Such  a  wall  placed  on  the  windward  side  of  the  channel,  or  the 
direction  from  which  the  flood  tide  and  the  littoral  drift  come, 
and  presenting  its  convex  side  to  the  line  of  drift,  if  carried 
sufficiently  far  out  into  deep  water,  wiU  give  under  favourable 
circumstances  a  permanent  direction  to  the  flow  of  the  water, 
and  afibrd  protection  to  the  entrance  from  the  prevailing  gales. 
The  jetty,  acting  as  a  groyne,  will  at  flrst  collect  the  littoral  drift 
in  the  angle  between  the  pier  and  the  shore,  but  after  this  is 
filled  up,  the  direction  given  by  the  convex  form  of  the  outer 
end  of  the  jetty  will  carry  the  drift  beyond  the  entrance  and 
into  the  deep-water  currents.    The  flood  tide,  working  round 


TRAINING.  205 

the  end  of  the  pier-head  into  the  channel,  as  it  does  in  the 
case  of  the  natural  pier  at  Spam  Point  in  the  Humber,  will 
tend  to  maintain  at  that  point  deep  water,  and  prevent  the 
deposit  of  the  littoral  drift  and  the  formation  of  a  bar.  The 
ebb  current  running  along  the  concave  side  of  the  jetty  will 
maintain  the  deepest  water  along  that  side  of  the  channel,  the 
flood  tide  setting  up  also  along  the  line  of  deepest  water.  A 
uniform  and  deep  channel  may  thus  be  maintained.  If  the  line 
of  direction  be  well  chosen  with  regard  to  existing  circum- 
stances, a  single  wall  will  therefore  be  sufficient  to  maintain  a 
channel  in  a  uniform  direction  and  preserve  deep  water.  There 
are  several  examples  where  single  walls  thus  carried  out  have 
been  successful. 

Before,  however,  deciding  on  the  direction  to  be  given  to 
such  a  training  wall,  the  fullest  local  information  should  be 
obtained  as  to  the  natural  set  of  the  currents  and  the  direction 
from  which  the  gales  come  which  most  interfere  with  the 
approach  to  the  river. 

Converging  Piers. — ^Training  walls  running  with  the  stream 
and  gradually  opening  out  to  the  sea  are  a  more  effective  and 
permanent  method  of  improving  the  outfall  of  a  tidal  river  than 
those  which  are  carried  out  from  the  land  and  converge,  leaving- 
a  narrow  opening.  The  former  bring  the  river  into  a  condition 
conformable  to  the  teaching  of  Nature;  they  afford  a  better 
approach  for  the  navigation,  cause  less  disturbance  to  the  tida) 
flow,  and  have  the  advantage  that  they  can  always  be  extended 
if  the  necessity  arises.  Professor  Haupt,  in  a  paper  on  "  Jetties 
and  Harbours,"  in  the  99th  volume  of  the  Minutes  of  Proceedings 
of  the  Inst  C.E.,  says  ''  that  he  has  been  unable  to  find  a  single 
instance  in  America  where  convergent  jetties  have  resulted  in 
securing  permanent  improvement." 

With  converging  piers  the  effect  is  too  local,  and,  if  resulting 
in  scouring  out  a  deep  hole  in  the  immediate  neighbourhood  of 
the  pier-heads,  there  is  a  tendency  for  a  shoal  to  form  at  a 
short  distance  away.  The  velocity  of  the  current  both  within 
and  without  the  walls  not  being  in  accord  with  that  of  the 
general  flow  of  the  river,  it  might  naturally  be  anticipated  that 
local  scouring  action  and  deepening  in  one  place  would  result  in 
shoaling  in  another,  and  that  a  bar  removed  by  this  action 
would  form  again  at  a  short  distance  outside  the  piers.  The 
passage  of  a  large  volume  of  water  through  a  narrow  opening. 
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expanding  into  a  wide  area  inside,  is  not  favourable  to  the 
propagation  of  the  tidal  wave,  and  the  rapid  current  set  up 
through  the  pier-heads  makes  navigation,  except  at  high  water, 
difficult  and  often  dangerous.  It  is  veiy  undesirable,  in  the 
interest  of  the  navigation,  to  give  the  flood  and  ebb  currents  a 
greater  velocity  than  is  necessary  to  keep  the  channel  of  the 
river  or  outfall  clear  of  deposit. 

In  the  case  of  the  Tyne,  one  pier  projects  abruptly  from  the 
shore,  the  south  pier  running  more  in  the  direction  of  the 
channel,  the  two  converging  towards  the  entrance.  But  these 
terminate  in  deep  water,  and  form  a  considerable  projection 
from  the  coast-line.  These  piers  cannot  be  regarded  as  mere 
training  walls,  but  were  designed  to  afford  within  their  shelter 
a  harbour  of  refuge  from  the  storms  of  the  North  Se& 

The  piers  carried  out  by  Sir  J.  Hawkshaw  in  the  North  Sea, 
for  the  protection  of  the  entrance  to  the  Amsterdam  Ship  Canal, 
converge  from  the  shore  to  the  entrance,  and  project  about  a 
mile  fi'om  the  shore.    They  are  so  designed  as  to  concentrate  the 


Fig.  26.— Entranoe  Amsterdam  Canal. 


scour  of  the  water  on  the  entrance.  In  this  case,  however,  the 
flood  and  ebb  channel  is  directed  along  the  line  of  channel  in 
the  centre  by  low  jetties,  the  space  between  the  piers  forming  a 
tidal  reservoir.  The  coast-line  is  regular,  and  the  natural  set  of 
the  currents  parallel  with  the  shore,  and  their  velocity  from  2 
to  2^  knots,  the  rise  of  tide  being  from  7  to  10  feet.  The  effect 
of  the  projecting  piers  has  been  to  deflect  the  coast  currents  in 
the  direction  shown  by  the  arrows  in  Fig.  26,  the  littoral  drift- 


sand  accamulating  behind  the  piers  in  the  maimer  shown  by  the 
dotted  lines.  The  velocity  at  the  end  of  the  piers  Tras  incireased 
by  the  piers  to  3  and  with  some  winds  4  knots.  An  eddy  current 
enters  the  hfu-bour,  setting  towards  the  south  pier  and  creating 
the  sandbank  shown  in  the  illnstration.  The  land  water  &om 
the  canal  and  the  tidal  water  which  tills  the  basin  keeps  the 
entrance  scoured  (Mr.  H.  Hayter's  remarks,  the  paper  on  "  Bars," 
Min.  Proc.  I-nM.  C.  E.,  vol.  c.). 

The  LiiFey  may  be  more  appropriately  quoted  as  an  example 
where  converging  piers  have  been  carried  out  for  the  purpose  of 
deepening  the  channel  and  scouring  away  the  bar.  In  this  case 
one  pier  runa  parallel  with  the  axis  of  the  channel,  and  the  other 
meets  it  at  an  angle  of  about  45  degrees  (see  Fig.  27).     Sufficient 
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time  has  not  yet  elapsed  to  s&j  definitely  whether  these  piers 
will  effect  the  purpose  for  which  they  were  intended,  but  there 
are  indications  that  such  will  not  be  the  case.  In  fact,  the 
deepening  which  set  in  after  the  piers  were  completed  has  been 
arrested,  and  a  tendency  for  a  shoal  to  form  again  further  out  is 
manifested. 

Extension  of  Pien  to  Seep  Wat«r. — Where  it  is  contemplated 
to  mn  out  jetties  into  the  sea  at  the  mouth  of  a  tidal  river  in 
order  to  remove  a  shoal  or  bar,  the  risk  of  the  gradual  growth  of 
the  shore-line  seawards  until  it  progresses  as  far  out  as  the  pier 
has  to  be  considered  Thus  for  the  protection  of  the  harbour  of 
Lowestoft,  situated  on  the  flat  shore  of  the  East  Coast,  piers  were 
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built  out  from  the  shore-line.  The  windward  pier,  or  that  on 
the  side  from  which  the  drift  came,  acted  as  a  groyne,  causing 
the  sand  and  shingle  to  accumulate  at  the  back  and  to  extend  a 
considerable  distance  out  from  the  shore.  The  harbour  entrance 
is  separated  from  the  main  channel  of  the  North  Sea  by  a  long 
ridge  of  sand  which  runs  parallel  with  the  coast  for  several 
miles,  the  approach  being  by  an  opening  through  these  sands. 
On  the  land  side  of  the  piers  is  a  large  tidal  basin,  and  the  river 
Waveney  discharges  into  this  basin.  The  rise  of  tide  is  about 
6^  feet.  The  shingle  is  constantly  working  its  way  round  the 
end  of  the  north  pier  into  the  harbour,  necessitating  constant 
dredging  to  maintain  the  depth.  In  north-east  gales  a  bar 
also  forms  across  the.  entrance,  interfering  with  the  navigation! 
In  this  case  the  jetty  does  not  extend  sufficiently  far  out  to 
prevent  the  shingle  taravelling  round  the  end,  or  to  make  the 
velocity  of  the  littoral  current  sufficient  to  carry  it  past  the  pier- 
heads. The  accumulation  of  shingle  having  now  extended  out 
from  the  shore  past  the  piers,  there  is  always  at  hand  a  constant 
supply  of  material  for  the  littoral  current  to  carry  into  the 
harbour.  This  could  be  prevented  by  arresting  the  travel  of  the 
shingle  by  a  groyne  carried  out  from  the  Ness,  which  projects 
from  the  coast-line  about  three-quarters  of  a  mile  to  the  north 
of  the  harbour  entrance,  and  which  could  be  extended  from  time 
to  time  as  the  material  accumulated  at  the  back.  This  would 
at  the  same  time  provide  a  shelter  to  the  approach  to  the  harbour 
from  north-east  gales,  the  narrow  spsrce  between  the  pier-heads 
being  difficult  to  make  in  strong  gales. 

The  river  Adour  affords  another  example.  The  outfall  of 
this  river  is  into  a  part  of  the  Bay  of  Biscay  where  the  shore  is 
shallow  and  sandy,  and  where  the  rise  of  spring  tides  is  only 
8  feet.  Piers  were  carried  out  along  both  sides  of  the  outfall  in 
order  to  contract  the  entrance,  with  the  object  of  scouring  away 
a  shoal  of  eand  which  existed  at  the  mouth.  The  result  was 
that,  when  the  piers  were  completed,  the  shoal  was  scoured 
away  only  to  reform  further  out.  The  accumulation  of  sand 
which  takes  place  outside  the  piers  which  have  been  constructed 
for  the  improvement  of  the  harbours  at  Calais  and  Dunkirk 
on  the  north  coast  of  France,  shows  that  the  mere  extension 
of  piers  from  the  shore  is  not  sufficient  to  secure  a  deep 
channel. 

Height  of  Training  Walls. — The  height  to  which  training 
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walls  are  carried  in  an  estuary  must  depend  on  their  position 
and  circumstances.  Their  main  object  being  to  direct  the  low- 
water  current,  it  would  seem  that  if  they  were  carried  up  as  high 
as  the  highest  level  of  low  water  it  would  be  sufficient;  but 
experience  shows  that  they  are  not  in  the  most  effective  condition 
unless  carried  as  high  as  half-tide  level,  that  is,  at  a  level  equal 
to  a  mean  between  high  and  low  water  of  spring  tides  in  the 
open  estuary.  Walls  which  are  at  a  less  height  than  this  allow 
cross-currents  to  prevail,  which  detract  from  the  advantage 
obtained  from  an  even  flow  along  the  axis  of  the  channel. 
While  walls  that  are  too  low  do  not  sufficiently  direct  the  tidal 
currents  in  the  true  line,  high  walls  cause  accretion  and  prevent 
the  lateral  spread  of  the  tidal  water.  Objection  is  frequently 
raised  to  low  walls  that  they  allow  the  sand  to  be  washed  off 
the  foreshore  into  the  channel.  This,  however,  is  an  objection 
that  cannot  hold  good.  Even  if  sand  were  washed  off  after  the 
first  formation  of  the  walls,  this  would  cease  as  soon  as  the  sand 
had  obtained  a  natural  slope,  and  any  sand  washed  off  after  this 
could  only  be  from  material  carried  on  by  the  tides.  As  a 
matter  of  fact,  the  objection  amounts  to  this,  that  low  waUs  do 
not  favour  accretion  as  rapidly  as  those  carried  to  a  higher  level. 
As  far  as  navigation  is  concerned,  walls  carried  to  half-tide  level 
are  the  safest.  Fishing-smacks  and  boats  of  light  draught  are 
apt  to  run  their  stems  on  low  walls  when  they  are  covered  at 
high  tide  and  become  fast,  receiving  injury  from  the  position  in 
which  they  will  lie  when  the  tide  falls. 

When  training  is  carried  on  above  the  open  estuary,  and 
where  a  lateral  expansion  of  the  tide  is  prevented  by  embank- 
mentSy  a  berm  should  always  be  left  for  the  expansion  of  the 
tide  as  it  rises  above  the  level  of  the  walls.  By  this  means, 
while  keeping  the  ebb  current  within  the  limits  best  adapted  to 
develop  its  scouring  power,  a  receptacle  is  provided  which 
ensures  a  sufficient  provision  for  supplying  scour  to  the  outfall, 
and  the  propagation  of  the  tide  is  less  throttled. 

Method  of  Constmotion. — The  method  of  constructing  training 
walls  varies  considerably.  In  certain  situations  a  very  slight 
bank  is  sufficient  to  give  the  intended  direction  to  the  current. 
In  the  account  of  the  works  carried  out  for  directing  and 
rectifying  the  river  Yire,  which  discharges  into  the  estuaiy  or 
Bay  of  Vays  on  the  north  coast  of  France,  given  by  M.  Bouncieau 
in  his  work  on  the  "  Navigation  of  Tidal  Rivers/'  the  following 
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method  is  describecL  The  soil  through  which  the  channel  was 
to  be  diverted  consisted  entirely  of  alluvial  matter  lying  above 
the  level  of  low  water.  Along  the  direction  of  the  intended 
channel  low  mounds  of  sods  obtained  from  the  salt  marshes 
were  laid,  leaving  a  sufficient  distance  between  them  for  the 
ultimate  full  width  of  the  channel  These  mounds  were  covered 
with  stone,  the  quantity  used  increasing  as  the  channel 
approached  the  more  exposed  parts  of  the  bay.  A  trench  was 
then  cut  by  spade  labour  along  the  centre  line  of  the  intended 
channel.  The  ebb  water  of  the  marshes  on  the  receding  of  the 
tide  was  directed  into  this  channel,  which  was  then  gradually 
widened  by  the  scour  until  a  fair-sized  channel  was  obtained. 
The  old  course  was  then  gradually  dammed  up,  and  the  water 
diverted  into  the  new  course.  The  scouring  of  the  new  channel 
was  aided  by  harrows  and  by  scouring-dams  formed  by  boats. 
When  the  channel  reached  the  mounds,  the  stones  placed  on  the 
sides  fell  at  an  angle  which  formed  and  covered  the  sides,  new 
stones  being  added  where  required.  The  thickness  of  this 
covering  varied  from  18  inches  to  3  feet,  being  thicker  at  the 
base  than  at  the  top. 

Bags  of  sand  may  also  be  used  for  training  purposes.  In  a 
case  which  came  under  the  author's  experience,  where  it  was 
intended  to  open  out  a  channel  across  a  sandy  foreshore  by 
scour  caused  by  discharging  the  water  from  a  new  cut  which 
had  been  excavated  through  the  land,  the  contractor  controlled 
the  direction  of  the  flowing  water  in  the  course  desired  by  bags 
of  sand,  and  succeeded  by  this  means  in  removing  the  greater 
part  of  the  top  covering  of  sand  to  a  depth  of  about  6  feet^  and 
opening  out  a  channel  down  to  the  hard  ground,  which  he  was 
able  afterwards  to  complete  by  dredging. 

Sand-bags  may  also  be  effectively  used  where  it  is  desired 
to  shut  off  lateral  creeks  from  a  main  channel  in  a  sandy  estuary, 
and  for  correcting  sharp  bends,  and  generally  in  directing  and 
improving  the  course  of  the  low- water  channel.  In  using  these 
as  dams  care  must  be  taken  not  to  raise  the  dam  too  high, 
otherwise  an  overflow  is  created  which  sets  up  a  scour  and 
washes  the  dam  away.  A  single  bag  in  height  is  sufficient  at 
first,  gradually  increasing  the  height  as  the  sand  accretes.  A 
channel  may  by  this  means  be  brought  into  line,  and  afterwards, 
if  found  necessary,  fiEM^  with  stone  at  considerably  less  cost 
than  by  the  use  of  stone  training  banks. 
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For  diverting  the  channel  of  the  river  Don,  groynes  made  of 
bags  filled  with  sand  were  used.  The  groynes  were  made  in  the 
form  of  trianglea  The  sacks  were  laid  lengthways,  and  from  one 
to  foar  sacks  high  according  to  the  strength  of  the  current  7500 
bags  were  used  in  one  groyne.  Fifty  sacks  measured  348  cubic  feet, 
and  cost  deposited  in  place  £2  6a,  equal  to  38.  2j^  per  cubic 
yard.    The  sacks  used  were  grain  bags  made  of  bass  matting. . 

rasoine-work. — ^Fascines  have  been  very  extensively  used  for 
training  work.  The  fascines  used  for  training  the  outfall  of  the 
fen  rivers  on  the  East  Coast  are  made  of  branches  cut  from  thorn 
hedges.  They  are  tied  in  bundles  about  six  feet  long,  including 
the  brush,  and  three  feet  girth  by  tarred  string.  These  faggots 
are  locally  called  ''  kids/'  and  cost  about  14a.  a  hundred  (120) 
delivered  on  the  banks  of  the  river. 

Where  the  training  wall  has  to  be  laid  below  the  level  of  low 
water,  the  fascines  are  conveyed  to  the  site  on  baiges,  two  barges 
of  faggots  being  moored  in  the  river  in  the  line  of  the  wall  and 
parallel  with  it,  and  one  barge  across  the  end  loaded  with  day 
or  marsh  sods.  At  low  water  the  fascines  are  placed  in  the 
water  transversely  to  the  jetty,  overlapping  each  other  one-half 
the  length  of  the  faggot,  and  covering  a  space  equal  to  the 
intended  width  of  the  jetty.  Each  layer  is  weighted  with  day  or 
sods  till  it  sinks,  being  directed  to  its  place  by  boat-hooks 
fastened  in  the  ground.  This  is  continued  until  the  jetty  attains 
half-tide  level.  The  wall  is  made  as  far  as  practicable  to  a 
batter  equal  to  six  inches  horizontal  to  one  foot  in  height  (Fig. 
28).  Jetties  constructed  in  this  manner  have  been  put  in  where 
the  depth  of  water  at  low  water  has  been  20  feet,  and  where 
there  has  been  a  tidal  run  of  4  knots,  and  have  remained  in 
position  without  repair  since  they  were  constructed  twenty  years 
ago.  The  sediment  rapidly  accumulated  on  the  land  side  of  the 
jetty,  and  in  the  coiurse  of  a  short  time  the  fascines  only  formed 
the  face  of  the  channel,  but  there  has  always  been  a  depth  varying 
from  10  to  15  feet  on  the  river  side  at  low  water.  Thorns  are 
well  adapted  for  this  work,  as  the  branches  interlace  and  hang 
together  in  a  way  that  is  not  common  to  other  brush-wood, 
and,  the  spaces  between  the  branches  becoming  filled  with  soil 
and  sand,  make  the  jetty  a  very  tough  and  solid  mass  difficult  to 
remove.  Fascine-work  of  this  character  has  the  advantage  over 
stone  in  its  tenacity,  and  the  way  in  which  the  whole  mass  hangs 
t(^ether.    If  built  on  sand  which  afterwards  scours  out,  it  will 
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settle  down  in  a  mass  and  only  require  additional  faacines  putting 
on  the  top  to  bring  it  to  the  ori^nal  leveL  The  tr»ning  of  the 
river  Ouse  through  the  Vinegar  Middle  sands  was  effected  thirty- 
five  years  ago  l^  foscine-work  of  this  character.  In  this  case  it 
was  protected  on  the  face  by  rubble  stone,  to  prevent  the  faggots 
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being  washed  up  by  heavy  freshets  or  torn  from  their  place  by 
ice.  These  walls  have  stood  without  repairs  for  a  great  number 
of  years.  The  Nene,  the  Witham  and  the  Welland  have  all  been 
trained  in  a  similar  manner. 

The  cost  varies  with  the  distance  the  material  has  to  be 
taken  and  the  quantity  of  stone  used.  A  pier  carried  out  by  the 
author,  where  very  little  stone  was  used,  cost  Is.  St^  per  cubic 
yard.  This  pier  was  16  feet  high,  with  base  of  22  Teet,  and  top 
13  feet,  the  cost  per  lineal  foot  being  19«.  3c2.  The  details  of 
the  cost  were  as  follows  per  hundred  fascines : — 


I,  per  120         

CoDTeying  bj  bo»t  Ave  miles 
Labour  bonding  jettj 

10  toQB  oT  cl«;.  It.      

Stone  foi  top,  \  VtOt  6*. 


Or  allowing  70  fascines  to  a  lineal  foot,  gives  Ids.  3(2.  per  foot  run 
for  the  Jetty.     The  clay  was  obtained  from  a  scarp  at  the  month 
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of  the  river.      ("  Faacine-Work  at  the  Outfall  of  Fen  Rivers,"  by 
W.  H.  Wheeler,  Proc,  Intt.  G.E.,  vol.  xlvi.  1875.) 

Fascine- work  of  thorns  is  well  adapted  for  protecting  the  sides 
of  channels  from  the  erosion  of  the  current,  or  the  wash  caused 
by  steamboats ;  or  to  prevent  them  slipping  into  the  channel 
where  the  same  has  to  be  deepened  by  dredging.  For  this 
purpose  the  author  has  used  them  in  a  tidal  river.  The  usual 
way  of  executing  this  work  is  to  commence  by  excavating  as  tax 
below  low  water  of  spring  tides  as  practicable,  a  slight  dam  of 
earth  being  left  between  the  excavation  and  the  water.  From 
three  to  four  fascines  are  then  laid  in,  overlapping  each  other,  and 
with  their  butt  ends  at  right  angles  to  the  channel,  the  outer 
layer  having  the  brush  end  towards  the  water.  On  this  a  layer 
of  the  excavated  soil  is  placed,  and  then  another  row  of  fascines, 
the  process  being  continued  until  the  top  course  is  brought  up  to 
the  level  of  ordinary  high  water,  the  depth  of  the  courses  of 
fascines  gradually  being  diminished  till  the  last  finishes  up  with 
a  single  fascine.  The  brush  is  then  trimmed  off  to  a  neat  face. 
Provided  that  plenty  of  clay  or  similar  material  is  used,  this 
work  is  of  a  permanent  character,  any  interstices  of  the  fascines 
becoming  filled  with  silt  Fascine- work  executed  in  this  manner 
in  the  fen  rivers  fifty  years  ago  is  still  in  good  condition. 

Fascine- work  is  used  very  extensively  in  Holland  for  training 
rivers  and  for  making  dams  for  closing  channels  which  require  to 
be  diverted.  The  fascines  are  composed  of  willow,  alder,  or  brush- 
wood of  similar  character  to  that  which  grows  in  the  swamps.  The 
fascines  are  made  into  bundles  from  ten  to  eleven  feet  in  length 
and  fifteen  inches  in  circumference,  the  sticks  of  which  the 
faggots  are  composed  being  about  1^  inch  thick  at  the  root  end. 
They  cost  from  bs.  to  la.  per  hundred.  These  fascines  are  termed 
"ryshout,"  and  are  made  up  into  large  masses  or  mattresses 
varying  in  size,  the  largest  being  80  feet  wide  and  150  feet  long, 
and  about  1*66  foot  thick.  They  are  constructed  in  the  following 
manner.  The  bundles  of  faggots  are  laid  out  on  light  frames 
supported  by  stakes  driven  into  the  ground  the  full  width  of  the 
intended  mattress,  the  sticks  of  which  the  bundle  is  composed 
being  drawn  out  so  as  to  break  joint.  They  are  then  tied  to- 
gether in  a  continuous  bundle  about  six  inches  in  diameter  with 
osiers  at  intervals  of  15  inches,  and  by  lighter  bands  between, 
so  as  to  form  a  rope,  or  "  wiepen."  These  bundles  are  then  laid 
on  the  ground  in  parallel  rows  three  feet  apart,  to  the  full  length 
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of  the  mattress.  They  are  crossed  by  a  second  layer  of  wiepen 
at  right  angles,  forming  a  netvork  with  meshes  three  feet  square. 
Eveiy  alternate  layer  is  tied  with  half-inch  tarred  rope.  This 
framework  is  then  covered  with  three  layers  of  ryshout 
placed  in  alternate  directions,  the  three  layers  being  IS  inches 
thick.  A  network  of  wiepen  similar  to  the  lower  one  is  then 
agtun  laid  over  these,  and  tied  down  to  the  lower  course  by  the 
tarred  rope,  which  is  brought  up  for  the  purpose.  The  mattress 
is  generally  built  on  the  shore  between  high  and  low  water,  so 
that  when  completed  it  can  be  floated  to  its  place.  On  arriving  M 
its  destination,  it  is  loaded  with  stone  at  the  rate  of  from  a  third 
to  half  a  ton  to  the  square  yard.  To  prevent  the  stone  falling 
off  as  the  mattress  is  being  sunk,  the  upper  surfiu^  is  sometimes 
divided  into  rectuigular  cells  by  stakes,  or  "  palen,"  driven  into 
the  crossing  of  the  wiepen  and  round  the  edges.  Between  these 
branches  are  interwoven,  forming  wattlework  or  "  tuin  latten." 
The  lower  layer  of  mattresses  is  termed  "  grondstuken,"  or 
ground  piece;  the  next  layer  * idnkstuken,"  or  sinking  piece. 
The  mattresses  are  held  in  place  by  piles  driven  through  the 
mass  into  the  ground  below.  The  thickness  of  each  matb-ess  is 
3  feet  3  inches,  and  the  cost  about  2«.  6d  a  cubic  yard,  or  with  the 
stone  about  ta.  per  cubic  yard. 

The  cost  of  fascine-work,  as  given  in  "  Waterbouw  Koude," 
by  D.  J.  Stormbusijaing  in  1854,  is  for  mattresses  placed  below 
the  water,  and  164  foot  thick,  29'24<i  per  squEure  yard.    For  a 
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mattress  100  metres  long,  10  metres  broad,  and  0-50  thick,  the 
cost  then  was,  for  the  fascine-work,  £115-56,  and  for  stone, 
£75-59.  This  is  equal  to  about  6s.  per  cubic  yard.  Since  then, 
however,  prices  have  considerably  risen. 

When  these  mattresses  are  used  for  the  construction  of  dams, 
the  ground  where  the  base  of  the  dam  is  to  be  placed  is  first 
entirely  carpeted  with  them.  Two  walls  are  then  built  up  with 
mattresses,  the  space  between  being  filled  with  earth  (Fig.  29). 
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In  Buft  grounil  the  whole  mass  gradually  settles  until  &  state  of 
rest  is  obtained,  when  the  top  is  raised  to  the  original  level. 

In  closing  the  "  Het  Schceur  "  Channel,  forming  part  of  the 
works  for  the  improvement  of  the  Maas,  several  matti-essea  were 
used  containing  2392  square  yards. 

The  great  dem  across  the  Zuyder  Zee  at  Schellingwoude,  in 
connection  with  the  North  Sea  Canal,  was  made  with  fascine 
mattresses  on  the  exterior  sides,  filled  witii  earth  in  the  middle. 
The  length  of  this  dam  is  44>60  feet.  The  slope  of  the  sides  is 
J  to  1  on  the  outside,  and  1^  to  1  on  the  inside.  The  average 
section  was  32  feet  high,  131  feet  wide  at  the  base,  and  13  feet 
At  the  top. 

The  piers  for  directing  the  outfall  of  the  Maas  into  deep 
water  in  the  North  Sea  were  constructed  entirely  of  fasdne- 
work  made  in  the  manner  described,  protected  by  stone.  These 
piers  were  found  to  be  elastic,  and  little  affected  by  the  shocks 
caused  by  the  impact  of  waves.  They  were  also  economical,  and 
have  been  found  after  twenty  years'  experience  to  stand  the 
wear  and  tear  of  the  waves  of  the  North  Sea, 

These  piers  were  completed  in  1874,  and  were  designed  and 
carried  out  under  the  direction  of  Mr.  Caland,  engineer  of  the 
Waterstaat.  The  north  pier  extends  for  6660  feet,  and  the 
south  pier  7544  feet  They  terminate  in  a  depth  of  22  feet  at 
low  water,  the  rise  of  spring  tides  being  ^\  feet.  The  width 
between  the  piers  at  the  sea  end  is  2950  feet,  contracted  by  a 
low  wall  to  2296  feet.  The  top  of  tiie  south  pier  is  about  the 
level  of  ordinary  high  water,  the  north  jetty  being  carried  to 
half-tide  level. 

The  pier,  Fig.  30,  was  constructed  in  the  following  manner : 
The  base  course,  or  "  grondatuken,"  projected  19"66  feet  on 


Fn.  so.— FItT  ot  Btnr  Hmi. 

both  sides  beyond  the  course  above  it,  and  the  second  coarse  had 
a  set-off  of  164  ^©ct.  These  "  berms  "  were  covered  with  stones, 
averaging  half  a  ton  each.  Above  these  the  wall  was  built  with 
a  slope  averaging  1  to  1.     The  mattresses  were  82  feet  wide,  and 


2i6  TIDAL  RIVERS. 

of  varying  lengths,  but  averaging  about  164  feet,  and  from  1  foot 
4  inches  to  1  foot  8  inches  thick.  The  largest  mattresses  used 
had  an  area  of  1674  square  yards.  The  body  of  the  pier  took 
from  5  to  6  mattresses,  averaging  with  the  stones  3*33  feet  thick. 
These  were  held  in  place  by  five  rows  of  piles  driven  12  feet 
through  the  mass  into  the  sand  below.  The  part  above  the 
water  was  covered  with  large  stones,  retained  in  their  place  by 
small  oak  piles,  the  ends  of  which  project  above  the  level  of  the 
work  for  the  purpose  of  breaking  the  force  of  the  waves.  The 
top  of  the  pier  is  29  feet  wide,  and  is  made  convex.  The  pro- 
jection of  the  lower  mattress  at  the  sea  end  is  82  feet,  and  of  the 
next  layer  49  feet,  both  being  well  covered  with  stone.  The 
entire  cost  of  the  mattresses,  when  deposited  in  place,  including 
stone,  averaged  lis.  Sd  per  square  yard,  or  10*13«.  a  cubic  yard, 
the  cost  in  this  case  being  much  increased  by  the  difficulty  in 
sinking  the  mattresses  in  the  open  sea.  The  cost  of  the  piers, 
averaging  \^\  feet  high,  was  £38  9d.  per  lineal  yard. 

The  construction  of  these  piers  has  been  a  complete  success, 
and  is  an  example  of  an  inexpensive  method  of  training  rivers 
out  into  the  sea  which  may  be  safely  followed  on  sandy  coasts, 
especially  where  stone  is  scarce  and  materials  for  the  construction 
of  the  fascines  abound. 

Further  details  respecting  this  work  will  be  found  in  the 
report  of  Major  Barnard  on  the  "  Improvement  of  the  Navigation 
from  Botterdam  to  the  Sea,"  in  the  professional  papers  of  the 
Corps  of  Engineers  U.S.  Army,  1872 ;  and  the  report  of  M. 
Desnoyers  on  "  The  Public  Works  in  Holland  "  (Paris,  1874) ;  also 
in  the  paper  by  Mr.  T.  C.  Watson  in  the  Proceedings  Inst 
C.K,  vol.  xii.,  1874. 

The  training  and  cqntracting  the  tidal  channel  of  the  river 
Weser  from  Bremen  to  the  sea,  a  distance  of  43  miles,  recently 
completed,  was  effected  by  mattress-work.  This  river  drains 
18,000  square  miles,  has  a  rise  of  tide  of  11  feet,  and  is  now 
capable  of  being  navigated  by  vessels  drawing  22  feet.  The 
training  walls  were  constructed  of  fascine  mattresses  66'58  feet 
long,  33-29  feet  broad,  and  3-28  feet  thick.  When  made  they 
floated  1*64  foot  above  the  water,  and  were  towed  about  6  miles 
by  small  tugs  to  their  destination.  On  being  fixed  in  their 
place  they  were  sunk  with  stones.  The  lower  mattresses  were 
7*46  feet  wider  than  those  above,  so  that  at  each  side  they 
project  3*28  feet.    The  upper  layer  was  made  1476  feet  wide. 
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The  walls  were  left  six  inches  above  low  water.  This  height 
was  given  to  allow  for  the  extension  of  the  tidal  water,  and  to 
ensure  the  walls  against  damage  by  waves  and  ice.  The  following 
quantities  of  materials  have  been  used  on  the  works:  About 
2^  million  cubic  yards  of  fiusicines,  2  million  feet  run  of  piles, 
140,000  bundles  of  willows ;  100,000  cubic  yards  of  stone ;  285 
tons  of  galvanized  wire,  which  made  1,235,000  cubic  yards  of 
mattresses  and  fascines.  The  cost  per  cubic  yard  for  the  finished 
work  was  38.  9c2.  per  cubic  yard  for  materials,  and  2a.  8(2.  for 
labour,  together  6d.  5(2.  a  cubic  yard.  The  stone  cost  about 
68.  8(2.  per  cubic  yard. 

The  jetties  at  the  mouth  of  the  Mississippi  were  constructed 


PASS 


PASS 
JETTIES 


Scale  of  Miles 
_5 ?P_ 


Fro.  31.— PUns  of  the  months  of  the  Rl^rer  Mtelnlppl. 

entirely  with  fascine  mattresses.    This  river  drains  1,200,000 
square  miles,  and  discharges  in  floods  over  a  million  cubic  feet  of 
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water  a  second,  carrying  with  it  2000  cubic  foet  of  solid  matter. 
On  approaching  the  Gulf  of  Mexico  it  is  separated  into  three 
branches,  and  discharges  its  water  by  seven  outlets,  forming  a 

delta  which  measures  15 
miles  in  length  and  2  miles 
in  width  (Figs.  31,  32).  At 
the  mouth  of  each  pass  is  a 
shoal  or  bar.     In  the  South- 

^^'^tfr»  W®'*  Vbisa  the  depth  is  about 
'  13feet;atPas8AL'Oatre,10 
feet ;  and  at  the  South  Pass, 
before  the  construction  of 
the  jetties,  8  feet  The  delta 
advances  into  the  Gulf  at  the 
rate  of  about  200  feet  a  year. 
Above  the  delta  the  channel 
is  half  a  mile  wide,  and  has 
a  depth  of  from  50  to  200 
feet.  The  rise  of  the  tide, 
which  does  not  exceed  1  foot  6  inches,  is  too  small  to  have  any 
effect  in  checking  the  deposit  of  material,  which  is  continually 
going  on« 

In  order  to  improve  the  depth  from  the  sea  into  this  magnifi- 
cent river,  which  has  a  navigable  waterway  extending  over 
16,000  miles.  General  Eads  advised  the  training  of  one  of  the 
principal  outlets.  His  idea  was  that  by  confining  the  water 
within  defined  limits^  and  so  increasing  the  velocity,  the  scorn- 
would  become  sufficient  to  prevent  the  deposit  of  the  alluvium 
brought  down,  and  to  carry  it  into  the  deep  waters  of  the  Gulf 
of  Mexico.  He  further  undertook  to  carry  out  the  works 
necessary  to  effect  this  purpose  without  receiving  payment 
imleas  he  succeeded  in  obtaining  a  channel  200  feet  wide  and 
26  feet  deep,  with  a  central  depth  of  30  feet  throughout  After 
very  great  opposition  his  offer  was  finally  accepted,  but  he  was 
compelled  by  the  Government,  against  his  own  judgment,  to 
opeiute  on  the  South  Pass,  which  was  the  smallest  of  the  three 
main  outfalls. 

Before  the  works  were  commenced,  the  waters,  on  approaching 
the  delta,  began  to  spread  lateraUy  over  the  submerged  land  lying 
out  in  advance  of  the  mouth,  and,  its  current  being  enfeebled, 
it  was  no  longer  able  to  carry  its  load,  and  began  to  drop  it  upon 


TRAINING.  319 

the  bar,  which,  in  the  form  of  a  half-eircle,  stretched  entirely 
around  the  mouth  of  the  pass  from  bank  to  bank.  In  the  central 
portion  of  the  outflowing  water,  the  velocity  of  the  current,  being 
longer  sustained,  carried  its  load  further,  but  finally  dropped  the 
heavier  particles  upon  the  crest  of  the  bar  or  upon  its  outer 
slope,  transporting  the  remainder  out  to  deep  water.  The  spread 
of  the  current  as  it  issued  from  the  land  was  like  an  open  fan. 
General  Elads  closed  this  &n  by  constructing  two  parallel  jetties 
running  from  the  land  out  over  the  bar  to  the  deep  water  of  the 
Gulf,  a  distance  of  2^  miles.  It  was  estimated  that  when  these 
jetties  were  completed,  it  would  require  one  hundred  and  twenty 
years  before  a  new  bar  would  be  formed,  if  the  circumstances 
remained  the  same ;  but,  as  at  this  oatward  point  there  exists  a 
strong  littoral  current,  it  is  expected  that  the  sediment  will  be 
carried  to  a  more  distant  part  westward  of  the  piers. 

The  slope  of  the  bar  going  outward  from  the  land  inclined 
upward,  for  a  distance  of  about  1^  mile,  at  a  gradient  of  1  in  400 ; 
then  there  was  a  level  area  on  which  was  from  8  to  9  feet  of 
water  at  mean  high  tide,  and  then  a  downward  slope  of  1  in  60 
into  a  depth  of  over  30  feet  in  the  Gulf.  At  nine  miles  out  the 
depth  is  600  feet,  and  this  continues  to  increase  until  a  depth  of 
2J  miles  is  reached.  The  statutory  depth  was  obtained  in  1879, 
and  has  been  fully  maintained  since.  Nearly  the  whole  of  the 
material  required  to  be  removed,  amounting  to  over  7f  million 
cubic  yards,  was  carried  away  in  four  years  by  scour  alone. 
The  velocity  of  the  current  through  the  channel  during  floods 
was  at  the  rate  of  three  miles  an  hour,  decreasing  to  }  mile  at  the 
ordinary  state  of  the  river.  Dredging  was  only  resorted  to  for  the 
purpose  of  removing  some  stiff  clay,  and  hastening  the  work  in 
places.  The  total  removed  by  dredging  did  not  amount  to  one 
per  cent,  of  the  entire  quantity. 

A  large  part  of  the  transported  material  has  been  deposited 
in  the  space  at  the  back  of  the  walls,  and  has  extended  the  shore 
nearly  a  mile  out,  the  surface  becoming  covered  with  reeds  and 
grass. 

The  east  jetty  is  11,800  feet  long,  and  the  west  7800  feet, 
being  curved  to  a  radius  of  15,000  feet.  The  terminal  points  in 
the  Gulf  are  1000  feet  apart.  The  effective  width  of  the  channel 
through  the  jetties  is  about  700  feet. 

In  order  to  prevent  the  water  escaping  too  freely  through  the 
other  passes,  it  became  necessary  to  place  a  sill  or  carpeting  of 
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mattresses  from  the  works  at  the  head  of  the  South  Pass,  and  also 
entirely  across  the  South- West  Pass  and  Pass  A  L'Outre.  These 
are  shown  by  the  lines  on  the  plan,  Fig.  32,  These  sills  were 
built  of  mattresses  70  feet  long,  30  feet  wide,  and  2  feet  thick. 
They  were  laid  side  by  side  on  the  bed  of  the  chaqnel,  with  their 
length  in  a  line  with  the  axis  of  the  current,  so  that  they  formed 
a  carpeting  70  feet  wide.  A  mattress  dam  was  also  placed 
across  the  Grand  Bayou,  which  was  300  feet  wide  and  30  feet 
deep.  By  this  dam  the  bulk  of  the  water  was  directed  to  the 
channel  through  the  new  jetties. 

The  method  of  constructing  the  jetties  was  as  follows : 
Guide  piles  were  first  driven  along  the  line  of  the  intended 
pier,  and  a  carpet  of  mattress-work  was  laid  in  advance  to 
prevent  the  scouring  away  of  the  soil  as  the  channel  became 
contracted.  The  mattresses  used  for  the  jetties  were  made  of 
willows  brought  from  swamps,  the  distances  varying  from  25  to 
315  miles  up  the  river.  These  were  weighted  with  stone  brought 
down  the  Ohio  river  from  a  distance  of  1320  miles.  The  total 
quantity  of  these  materials  used  was:  willows,  592,000  cubic 
yards ;  stone,  100,000  cubic  yards ;  gravel,  10,000  cubic  yards ; 
concrete,  4300  cubic  yards;  piling  and  timber,  12  million  feet 
board  measure.  The  plan  of  constructing  the  mattresses  was 
different  to  that  pursued  in  Holland.  Along  the  bank  of  the 
head  of  the  pass  inclined  ways  were  built  at  right  angles  to  the 
shore,  and  extending  back  from  the  river  50  feet;  these  sloped 
up  from  the  river  about  6  feet.  The  timbers  of  the  ways  were 
spaced  6  feet  apart  On  these  ways  a  framework  of  wood  was 
first  made,  consisting  of  timbers  6x2^  inches  laid  across  the 
ways  for  the  full  length  of  the  mattress,  100  feet,  and  joined 
together  by  a  cover  piece  6  feet  long.  For  a  mattress  40  feet 
wide  nine  of  these  strips  were  laid  on  the  frame ;  1  J-inch  holes 
5  feet  apart  were  bored  through  the  runners,  and  hickory  pins, 
30  inches  long  for  a  mattress  2  feet  thick,  driven  in  and  secured 
by  pins.  The  willows  were  then  taken  from  the  barges  alongside, 
and  laid  on  the  frame  in  alternate  directions  in  layers  of  6  inches 
thick.  Fir  runners,  similar  to  those  used  at  the  bottom,  were 
then  placed  on  the  top  and  pressed  down  with  levers,  and  held 
in  their  place  by  rods  and  pins  driven  through  the  hickory  p^. 
The  mattress  thus  completed  was  then  launched  like  a  boat,  and 
towed  floating  to  its  place  along  the  line  of  the  jetties  by  a 
steam-tug. 
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After  being  fised  in  position,  a  barge  loaded  with  atone 
was  placed  alongside,  and  the  stone  distributed  evenly  over  the 
mattress  until  it  sunk  to  the  bottom  (Fig.  33).  The  last  mattress 
was  built  in  its  place  on  the  jetty  at  low  tide.  One  cubic  yard 
of  stone  was  used  to  about  532  cubic  yards  of  fascines.  At  the 
sea  end  some  of  the  mattresses  subsided  about  IS  feet  below  the 
surface.  The  foundation  course  was  from  34  to  50  feet  wide, 
according  to  the  depth  of  the  water,  the  top  diminishing  to 
25  feet.  Along  the  line  of  the  jetties  wing  dams  were  run  out, 
extending  at  right  angles  into  the  channel,  narroving  it  from 


1000  to  700  feet.  The  object  of  these  was  to  locate  the  deep- 
water  channel  midway  between  the  jetties,  and  to  induce  a 
deposit  of  sediment  to  protect  the  foot  of  the  walls.  These 
spurs  were  spaced  600  feet  apart.  They  were  built  by  driving 
a  row  of  piles  out]  from  the  jetty  line,  and  resting  mattresses  on 
edge  against  them. 

As  the  mattresses  were  fixed  in  place,  the  river  deposited 
sediment  amongst  and  behind  them,  raising  the  bottom  of  the 
gulf  to  their  level,  and  securing  the  works  against  the  waves, 
and  rendering  them  impervious  to  the  lateral  flow  and  escape  of 
the  river  water.  The  top  of  the  mattresses  was  weighted  with 
stone,  and  in  the  most  exposed  parts  at  the  sea  end  of  the  east 
jetty,  where  the  sea  was  the  heaviest,  with  blocks  of  concrete 
weighing  from  20  to  70  tons.  During  storms  the  waves  were 
sufficiently  powerful  to  remove  the  mattresses  even  when 
weighted  with  blocks  of  stone  weighing  from  1  to  2  tons.  On 
one  occasion,  during  a  cyclone,  concrete  blocks  weighing  28  tons 
were  lifted  out  of  their  place. 

The  walls  have  snt^ided  since  their  first  construction  1*28 
foot,  but  since  .they  have  become  buried  in  deposit  no  harm  has 
been  done  to  them. 

The  scouring  and  deepening  of  the  channel  followed  on  with 
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the  construction  of  the  walls.  Commencing  from  May,  1875, 
the  distance  between  the  12-feet  depth  of  water  on  the  inside 
and  outside  of  the  bar  was  4300  feet.  In  February,  1876,  this 
had  disappeared,  and  the  distance  between  the  15-feet  depth 
was  5900  feet.  This  had  disappeared  by  the  following  April, 
and  the  20-feet  depth  extended  9600  feet.  This  had  disappeared 
in  the  following  August  The  distance  then  between  the 
26-feet  depth  was  11,700  feet,  and  this  was  gone  in  March,  1879. 
The  whole  length  between  the  30-feet  depth  was  12,000  feet, 
and  this  was  all  gone  in  July,  1879,  when  there  was  a  channel 
30  feet  deep,  with  a  minimum  width  of  45  feet  from  deep  water 
in  the  pass  to  deep  water  in  the  Gulf,  the  channel  varying  in 
depth  from  30  to  75  feet.  The  channel  has  gone  on  improving, 
there  being  now  a  good  navigable  waterway  nearly  100  feet 
wide  and  30  feet  deep,  with  a  depth  of  26  feet  over  240  feet. 
The  annual  surveys  of  the  Gulf  show  that  very  little  shoaling 
has  been  going  on. 

A  detailed  account  of  these  works  will  be  found  in  the 
"  History  of  the  Jetties  at  the  Mouth  of  the  Mississippi  River/' 
written  by  Mr.  E.  L.  Corthell,  the  resident  engineer ;  and  abstracts 
of  the  reports  of  the  Government  engineers  as  to  the  condition 
of  the  channel  and  of  the  Gulf  outside  wiU  be  found  in  the 
Proceedinga  of  the  Institution  of  Civil  Engineers. 

A  somewhat  similar  plan  was  adopted  for  the  construction  of 
the  jetties  at  Tampico  for  removing  the  bar  at  the  mouth  of  the 
Panuco.  This  river  empties  into  the  Gulf  of  Mexico  seven 
miles  below  the  city  of  Tampico,  and  drains  45,000  square  miles. 
Between  Tampico  and  the  mouth  the  channel  is  wide  and  deep. 
The  banks  are  1300  feet  apart,  and  there  is  a  deep-water  channel 
of  30  feet,  a  depth  of  20  feet  extending  over  a  width  of  800  feet 
There  is  no  delta,  but  at  the  mouth  there  was  a  bar  composed  of 
sand  and  fine  shells.  The  depth  on  the  crest  of  this  bar  varied 
from  6  to  10  feet.  The  distance  from  the  shore-line  to  a  depth 
of  22  feet  in  the  Gulf  was  7000  feet  In  1888  the  Mexican 
Central  Railway  Company  determined  to  improve  the  entrance 
to  the  river,  and  thus  provide  access  for  large  ships  to  the  fine 
natural  harbour  inside,  and  a  connection  between  the  railway 
and  the  sea.  The  works  were  entrusted  to  Mr.  E.  L.  Corthell, 
who  had  carried  out  the  Mississippi  jetties  for  General  Eads.  Two 
parallel  jetties,  1000  feet  apart,  were  run  out  from  the  shore 
7000  feet  to  the  deep  water  of  the  Gulf,  having  a  direction  nearly 
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normal  to  the  shore-line  and  directly  so  to  the  Gulf  currents* 
The  jetties  are  composed  of  fascine  matti*e88es  and  stone  similar 
to  those  used  in  the  Mississippi,  but  not  constructed  on  shore. 
A  tramway  connected  with  the  railway  was  run  out  from  the 
shore,  and  continued  along  the  jetty  as  it  advanced.  The  brush- 
wood and  stone  for  the  mattresses  were  carried  on  this  tramway 
to  a  movable  trestle,  on  which  they  were  built  and  dropped 
into  their  place,  the  piles  being  driven  by  an  overhanging 
engine  in  advance  of  the  work.  As  the  works  were  carried  sea- 
ward and  the  base  of  the  jetty  became  wider,  the  trestles  were 
also  moved  forward  and  widened,  so  that  at  the  outer  ends 
mattresses  84  feet  in  width  and  5  feet  thick  were  built  in  situ 
and  dropped  from  the  trestles.  The  bar  has  been  almost  entirely 
removed  by  the  increased  scour  of  the  current,  one  and  a  half 
million  cubic  yards  of  sand  having  been  scoured  away  by  the 
current.  Vessels  which  formerly  had  to  anchor  outside  in  the 
Gulf  are  now  able  to  proceed  up  the  river.  The  channel  for 
nearly  the  entire  length  between  the  jetties  has  been  deepened 
from  8  to  30  feet.  Sand  has  accumulated  on  the  flanks  of  the 
jetties,  and  on  the  north  side,  which  serves  to  break  the  heavy 
seas  that  sweep  across  the  Galf  and  on  to  the  jetty  during  gales, 
which  are  very  heavy  from  that  direction. 

Similar  works  have  also  been  carried  out  by  Mr.  Corthell  in 
the  Brazos  river,  Texas,  under  a  charter  obtained  by  a  company 
from  the  United  States  Government  in  1888,  and  have  resulted 
in  deepening  the  bar  of  this  river.  The  Brazos  drains  30,000 
square  miles,  the  discharge  varying  from  2000  cubic  feet  a  second 
in  dry  weather  to  60,000  in  floods.  The  amount  of  sediment 
carried  is  very  small  at  the  low  state  of  the  river,  rising  to  one 
in  400  in  very  heavy  floods.  The  average  width  of  the  river  in 
the  last  20  miles  before  reaching  the  Gulf  is  about  500  feet,  with 
a  depth  of  about  20  feet.  The  river  begins  to  shoal  near  the 
mouth,  leaving  only  6  to  7  feet  on  the  crest  of  the  bar  in  the 
Gulf,  at  a  point  4000  feet  from  the  land.  The  littoral  current 
flowing  westward,  and  the  action  of  the  waves  upon  the  bar, 
have  prevented  the  formation  of  a  delta,  the  detritus  brought  down 
the  river  being  carried  ofi*  by  the  Gulf  currents.  On  a  survey 
of  the  outfall  being  made,  it  was  found  that  the  outer  18-foot 
curve  was  practically  in  the  same  position  as  it  was  thirty  years 
previously,  and  this  had  been  maintained  in  the  face  of  ten 
million  tons  of  sedimentary  matter  thrown  out  into  the  Gulf. 
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Before  the  works  were  commenced  there  was  only  Ij^  foot  of 
water  across  the  line  of  the  proposed  channel,  and  the  only 
channel  out  to  sea  was  a  crooked  one,  and  in  this  there  was  a 
depth  of  only  5  feet.  The  jetties  were  pushed  out  across  the 
shoal  on  the  intended  lines,  and  the  channel  closely  followed  the 
advance  of  the  works.  The  jetties,  which  are  5400  feet  long, 
and  4  feet  above  mean  high  water,  give  an  effective  width  of 
550  feet.  They  were  built  of  brush  made  into  mattresses  and 
weighted  with  stone.  The  jetties  were  supplemented  by  short 
groynes  built  out  at  right  angles  for  the  purpose  of  producing 
deposit  along  the  foot,  and  solidifying  the  fascine-work  and  pro- 
tecting it  from  erosion  of  the  flood  currents.  In  the  course  of  a 
very  short  time  steamers  drawiug  16  feet  were  able  to  enter 
between  the  jetties  and  proceed  to  Yelasco,  four  miles  up  the 
river.    A  depth  of  20  feet  will  be  ultimately  obtained. 

For  training  the  upper  part  of  the  Mississippi  near  St.  Cloud, 
where  it  is  split  up  into  a  number  of  channels  by  a  gravel  bar,  a 
fascine  dam  was  used  constructed  in  the  following  manner :  The 
length  of  the  dam  was  2900  feet ;  the  average  height,  3*30  feet ; 
and  the  cubic  contents,  7225  yards.  The  fascines  used  varied  in 
diam.eter  from  9  to  18  inches,  and  in  length  from  15  to  22  feet. 
One  row  was  placed  across  the  bottom  parallel  to  the  current, 
brush  ends  upstream,  and  staked  down.  A  single  row  was 
then  placed  lengthwise  of  the  dam  about  3  feet  upstream  from 
the  butts,  and  staked  through  each  bundle  under  it.  Gravel 
was  then  filled  in  to  cover  the  tops  of  the  lower  row  and  make  a 
plane  surface  to  the  transverse  fascines.  The  succeeding  courses 
were  placed  parallel  to  the  current,  except  where  the  dam  was 
unusually  high,  when  another  transverse  course  was  placed,  care 
being  taken  to  have  at  least  one  course  parallel  to  the  current 
when  the  dam  was  finished.  The  whole  was  covered  with 
gravel  carried  horizontally  about  6  feet  upstream.  The  fascines 
constituted  about  38^  per  cent,  of  the  mass.  The  cost  was 
9«.  9d  per  lineal  foot,  or  4«.  a  cubic  yard ;  34  per  cent  of  the 
cost  was  for  gravel,  24  for  stakes  and  driving  them,  and  42  per 
cent,  for  making  and  placing  the  fascines.  {Trana,  American 
Society  of  Civil  Engineers,  voL  vi.) 

For  the  improvement  of  the  entrance  of  Galveston  harbour, 
where  was  a  bar  with  11  feet  of  water,  a  pier  was  constructed 
1200  feet  long.  Piles  were  first  driven,  and  then  a  carpet  of 
mattress-work  was  sunk  with  stones,  and  on  this  boxes  made  of 
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wood  and  basket-work  12  feet  long  by  6  feet  wide  and  6  feet 
high.  These  boxes  were  floated  into  position,  and  sunk  by 
pumping  in  sand.  The  cost  per  foot  run  was  338.  The  south 
pier  was  fiirther  extended  by  mattresses  ranging  from  120  to 
60  feet  wide,  diminishing  at  the  top  to  15  feet.  The  cost 
per  cubic  yard  of  jetty  was  128.,  the  stone  having  to  be 
conveyed  over  100  miles,  and  the  fascines  50  milea 

The  channel  at  the  outfall  of  the  Columbian  river  on  the 
north-west  coast  of  America  was  formerly  very  capricious 
in  location  and  variable  in  depth.  The  depths  were  usually 
from  19  to  21  feet,  and  the  channels  varied  in  number  from  one 
to  three,  and  in  location  through  nearly  180  degrees  from  Cape 
Disappointment  to  Point  Adams.  There  is  now  a  straight  out 
and  in  channel  having  a  width  of  a  quarter  of  a  mile,  with  a 
depth  nowhere  less  than  29  feet,  and  for  a  width  of  a  mile 
27  feet.  The  training  works  were  commenced  in  1884,  and  it  is 
contemplated,  when  they  are  completed,  to  have  nowhere  less 
than  30  feet  over  the  bar  at  low  water.  The  rise  of  spring  tides 
varies  from  3  to  8  feci  The  training  works  consist  of  a  jetty 
rising  4  feet  above  mean  low  water,  starting  from  Fort  Stevens 
on  the  South  Cape  and  extending  in  a  westerly  direction,  with 
a  slight  curve  to  the  south  across  Clatsop  Spit  for  a  distance  of 
about  4^  miles.  This  jetty  is  constructed  of  stone  resting  on  a 
mattress  foundation  about  40  feet  wide,  and  from  2j^  to  5  feet 
thick.  The  stone  was  placed  in  position  by  trucks  running 
on  a  jetty  tramway  supported  on  piles  driven  along  the  line  of 
the  training  wall  24  feet  above  the  level  of  the  water.  There  was 
a  double  track  of  3-feet  gauge.  The  effect  of  this  training  wall 
has  been  very  marked  in  concentrating  the  water  on  the  bar, 
and  by  increasing  the  scour  in  deepening  the  channel  Since 
the  commencement  of  the  work  in  1884  there  has  been  used 
478,890  tons  of  stone.  The  cost  of  the  tramway  has  been  278. 
per  running  foot,  and  of  the  mattress-work  about  188.  9d  per 
lineal  foot.  Experience  has  shown  that  it  is  necessary  to  carry 
the  wall  to  4  feet  above  low  water,  as  the  first  half  of  the  tides 
flowing  across  the  wall,  either  at  ebb  or  flood,  took  the  sand 
with  them  and  scoured  channels,  especially  where  there  were 
low  places  in  the  wall.  It  is  only  by  raising  the  wall  above 
low  water  that  this  can  be  prevented. 

Stone  Training  Walls. — ^Training  walls  are  frequently  con- 
structed of  rubble  stone,  the  stone  being  tipped  into  the  water 
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in  the  line  of  the  training  wall,  and  allowed  to  take  its  own 
shape.  This  it  generally  does  by  aasnming  a  slope  of  from  1:^ 
to  li^  to  1.  It  is  difficult  to  estimate  the.  amount  of  stone 
required.  K  much  scour  goes  on,  as  in  the  ease  of  the  Ouse 
hereafter  described,  the  base  may  sink  to  a  great  depth  below 
low.  water.  Where  there  is  not  much  scour  round  the  end  of 
the  walls,  it  has  been  found  as  a  matter  of  experience  that  the 
stones  do  not  settle  below  the  bed  of  the  channel  For  the 
training  walls  on  the  Tees  slag  from  the  iron  furnaces  was  very 
extensively  used,  clay  being  mixed  with  the  slag  at  iSrst,  but 
this  was  found  to  be  unnecessary.  The  ironmasters  were  aJso 
at  the  starting  paid  3(2.  per  ton  for  the  slag,  but  subsequently 
they  paid  the  commissioners  4d  per  ton  for  removing  the 
slag  from  their  works.  The  walls  were  constructed  by  trains  of 
punts  200  feet  long,  with  loads  of  100  tons,  laid  alongside  a  line 
of  guide  piles,  driven  about  100  feet  apart.  The  slag  was  thrown 
into  the  water  on  the  site  of  the  intended  wall  until  it  was 
brought  up  to  the  required  height  After  the  walls  thus  con- 
structed had  remained  for  a  year  and  had  taken  their  bearing,  they 
were  again  made  up  to  the  proper  level  These  walls  varied  in 
depth  from  12  to  40  feet,  and  rise  from  4  to  7  feet  above  low 
water.  They  assumed  a  slope  of  1  to  1  below  low  water  on  the 
channel  side,  but  sank  vertically  in  the  sand  at  the  back.  Their 
total  length,  including  cross-groynes,  is  nearly  20  miles,  and  their 
cost  £50,000,  varying  as  the  square  of  the  depth.  (Fowler  on 
"  The  Tees,"  Proo.  Inst.  G.E.,  vol  xc.) 

In  the  works  carried  out  by  Mr.  Bartholomew  for  improving 
the  river  Ouse  between  Goole  and  Trent  Falls,  the  training  walls 
were  made  of  slag  brought  from  Middlesborough  in  steam-hopper 
vessels  specially  constructed  for  the  purpose.  Two  of  these 
carried  250  tons  each,  and  the  other  four  450  tons  each,  the  total 
cost  of  the  six  vessels  being  £50,000.  The  slag  was  delivered 
from  the  blast  furnaces  into  the  hoppers,  and  about  two  million 
tons  was  altogether  used.  On  arriving  in  the  Ouse,  the  vessels 
were  moored  to  piles  placed  at  regular  intervals  along  the  line 
of  training,  the  hoppers  opened,  and  the  slag  discharged  on  to 
the  site  of  the  wall  The  height  of  the  walls  averaged  about 
12  feet,  but  in  the  sharpest  part  of  the  bend  the  river  was 
scoured  out  to  a  depth  of  from  40  to  50  feet  at  low  water.  The 
top  of  the  walls  is  about  level  with  high  water  of  neap  tides, 
and  varies  from  4  feet  6  inches  to  6  feet  in  width,  the  slope 
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being  about  \\  to  1.  The  result  of  the  training  was  to  deepen 
the  river  very  considerably,  a  large  amount  of  silt  being  scoured 
out  from  the  channel.  The  walls  were  placed  about  700  feet 
apart  at  the  upper  end,  the  width  gradually  increasing  downwards. 

The  training  walls  of  the  Ribble  were  constructed  of  stone 
obtained  from  quarries  up  the  river,  which  cost  3d.  5c2.  a  cubic 
yard  delivered  on  to  the  walls.  In  the  lower  walls  a  large 
quantity  of  red  sandstone,  obtained  from  the  excavation  of  the 
dock,  was  used  for  this  purpose.  The  cost  of  sorting  out  this 
stone,  hoisting  and  placing  it  on  the  walls,  was  28.  3c2.  a  cubic 
yard.  The  hard  clay  dredged  out  of  the  river  was  also  used 
and  deposited  in  the  line  of  the  training  walls,  being  faced  with 
stone  above  the  water-line. 

The  training  walls  on  the  Seine  were  made  of  rubble  chalk 
obtained  from  cliffs  adjacent  to  the  river.  The  chalk  was  tipped 
into  the  channel  along  the  line  of  the  intended  wall  from  barges, 
and  levelled  to  an  even  &ce  above  the  low-water  line.  The  top 
of  the  walls  was  made  6^  feet  wide,  with  slopes  of  1  to  1  on  the 
land  side,  and  varying  on  the  river  side  from  l^tol  to8  tol, 
according  to  the  force  of  the  current.  These  walls  were  carried 
up  to  the  level  of  high  water.  The  chalk  cost  on  an  average 
l8.  1^.  per  cubic  yard  in  the  bank. 

Pile  Work  and  Stone. — The  method  adopted  for  training  the 
Sulina  mouth  of  the  Danube  through  the  delta  into  the  Black 
Sea,  was  by  first  driving  piles  in  the  line  of  the  training  and 
enclosing  the  space  between  with  planking,  behind  which  rubble 
stone  was  thrown  up  to  the  level  of  the  surf  ace  of  the  water. 
Subsequently  this  temporary  training  was  converted  into  a  solid 
concrete  wall,  the  rubble  mound  forming  the  base  for  the  concrete. 
The  piers  were  projected  well  beyond  the  line  of  littoral  drift. 
The  channel  over  the  bar  between  the  two  lines  of  the  jetties 
deepened  by  scour  from  7  to  20^  feet,  which  depth  has  since 
been  maintained.  Both  in  the  Danube  and  the  Mississippi  the 
smallest  branch  was  selected  for  training.  In  both  cases,  while 
the  area  of  the  new  channel  is  ample  for  the  navigation,  there 
is  less  chance  of  the  bar  being  formed  again,  as  the  amount  of 
detritus  brought  down  is  considerably  less  than  in  the  larger 
branches,  and  is  therefore  more  readily  transported  away  by  the 
coast  current. 


CHAPTER  X. 

DREDGING. 

Although  in  some  instances  a  channel  can  be  deepened  by 
natural  scour,  yet  where  the  material  is  hard,  or  where  the 
quantity  to  be  removed  is  large,  dredging  has  almost  invariably 
to  be  resorted  to. 

The  simplest  form  of  dredging  is  that  where  the  material  is 
only  broken  up,  loosened,  and  disintegrated,  and  left  to  be 
transported  out  of  the  channel  by  the  current. 

In  other  cases,  the  material  is  pumped  up  or  raised  by  buckets 
and  discharged  by  pipes  or  troughs  on  to  the  adjacent  land. 
Occasionally  the  material  is  discharged  into  barges,  from  which 
it  is  thrown  into  the  place  of  deposit  by  hand ;  but  in  the  great 
majority  of  cases  the  material  has  to  be  carried  out  to  sea  in 
hoppers,  or  the  dredger  itself  both  lifts  and  transports  the 
material 

The  amount  of  work  done  and  the  cost  is  generally  calculated 
either  by  the  weight  raised  and  transported  in  the  hoppers,  or 
by  the  cubic  contents  of  the  hoppers.  Neither  of  these  results 
gives  the  actual  cost  of  the  work  done  in  enlarging  the  section 
of  the  channel,  as  the  quantity  conveyed  by  the  hoppers  varies 
from  the  quantity  as  measured  in  situ,  sometimes  to  a  very  large 
extent.  In  estimating  the  cost  of  dredging,  the  most  convenient 
plan  seems  to  be  to  calculate  it  by  the  ton  conveyed,  and  estimate 
the  relation  that  this  bears  to  the  material  in  sUu,  so  as  to  arrive 
at  an  estimate  of  the  actual  cost  of  completing  the  required  work. 
Where  the  material  to  be  operated  on  is  clay  or  stiff  material, 
the  relation  between  the  quantity  conveyed  away  and  the 
quantity  in  situ  may  be  calculated  sufficiently  closely  to  enable 
a  fairly  reliable  estimate  to  be  made,  and,  if  desired,  reliable 
contracts  may  be  obtained  based  on  the  quantity  measured  from 
the  sections  as  the  work  goes  on,  or  before  commencing  and 
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after  completion.  In  the  latter  case  the  contractor  takes  all  risk 
of  having  removed  material  washed  into  the  dredged  portion 
of  the  channel.  Where,  however,  the  material  is  running  sand 
or  mud,  it  is  not  practicable  to  obtain  estimates  based  on  sectional 
measurements,  and  attempts  made  to  do  this  have  resulted  in 
the  contractors  finding  that  the  quantities  have  very  largely 
exceeded  the  estimates,  and  they  have  either  completed  their 
contracts  at  a  heavy  loss,  or  been  relieved  from  them. 

The  method  of  calculating  the  cost  from  the  quantity  carried 
by  the  barges  is  open  to  the  objection  that  the  weight  removed 
includes  a  certain  quantity  of  water,  and  that  the  result  depends 
on  the  returns  made  by  the  captain  of  the  dredger,  the  temptation 
naturally  existing  on  the  part  of  all  concerned  to  make  the 
quantity  as  large  as  possible. 

Very  little  information  is  to  be  obtained  from  the  various 
accounts  of  dredging  operations  as  to  the  relation  which  the 
quantity  transported  away  bears  to  the  sectional  enlargement 
of  the  channel,  or  as  to  that  which  a  ton  of  material  bears  to  a 
cubic  yard. 

Mr.  Deas  gives  as  his  experience  on  the  Clyde  that  quick- 
sand as  taken  from  the  buckets  weighs  121  lbs.  to  the  cubic 
foot  Mr.  Fowler  on  the  Tees  found  that  sand  weighed  112  lbs. 
to  the  foot,  and  mud  101*82  lbs.  Clay  is  generally  reckoned  as 
weighing  109  lbs.  per  cubic  foot  Taking  sand  at  an  average  of 
115  Iba,  there  would  be — 

CaUc  feet  Tons  In  a  MolUpller  to 

to  a  too.  cubic  yard.        redaoe  cubic 

yanls  totons. 

Sand      ...  ...  ...  ...    19-47  I'SS  0-72 

Mud      ...  ...  ...  ...    2200  1-23  0*81 

Clay      ...  ...  ...  ...    20*55  '  1-31  0-76 

When  the  material  to  be  removed  is  soft  mud,  and  a  strong 
current  running  in  the  river,  the  quantity  as  taken  from  sections 
made  from  measurements  of  the  channel  forms  no  guide  as  to 
the  quantity  to  be  actually  removed.  Thus,  in  dredging  carried 
out  for  improving  the  approaches  to  Grangemouth  Dock,  the 
sections  showed  432,000  cubic  yards  as  the  quantity  to  be 
removed  to  deepen  and  enlarge  the  channel  to  the  required 
dimensions.  After  dredging  for  eighteen  months,  650,000  cubic 
yards,  as  measured  in  the  barges,  had  been  removed,  but  as 
measured  in  aitw  the  quantity  was  found  to  be  only  200,000  cubic 
yards.    In  dredging  for  the  approach  to  the  Albert  Dock  on  the 
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Thames,  the  quantity  as  measured  in  the  barges  was  found  to 
be  four  times  that  measured  in  situ.  In  both  these  cases  the 
material  to  be  dealt  with  was  soft  mud. 

In  dredging  for  the  new  Ship  Channel  in  New  York  harbour, 
an  opposite  result  was  obtained.  The  material  dredged  consisted 
of  sand,  day,  and  mud,  which,  when  it  became  agitated  and 
incorporated  with  the  water  by  the  action  of  the  pumps,  settled 
so  slowly  in  the  barges  that  a  portion  went  overboard,  and  was 
carried  by  the  currents  beyond  the  channel.  The  amount  as 
measured  in  the  barges  was  only  73  per  cent,  of  that  actually 
removed,  as  ascertained  from  the  increased  sectional  area  of  the 
channel. 

In  dredging  in  hard  boulder  clay,  the  author  found  that  1*48 
barge  tons  represented  one  cubic  yard  of  material  as  measured 
from  the  sections  of  the  river ;  and  in  dredging  soft  mud  out  of 
a  dock  by  a  Priestman  grab  into  barges,  he  found  that  about 
1*58  barge  tons  represented  a  cubic  yard  of  material  as  measured 
by  careful  soundings  as  the  work  went  on,  the  depth  of  the  mud 
being  2"23  feet. 

In  Dunkirk  harbour  the  difference  between  the  quantity  of 
material  as  measured  in  the  section  and  in  the  barges  varied 
from  25  to  45  per  cent,  according  to  the  age  of  the  deposit. 

At  Aberdeen,  in  dredging  in  clay  with  boulders,  gravel,  and 
mud,  Mr.  Cay  estimated  that  one  ton  represented  18  cubic  feet 
of  solid  ground,  or  1^  barge  tons  to  a  cubic  yard. 

In  dredging  at  the  Sulina  mouth  of  the  Danube,  it  was  found 
that  a  100-ton  barge  with  hopper  capacity  of  90  cubic  yards 
represented  65  cubic  yards  measured  in  situ,  or  1*54  ton  to  the 
cubic  yard  in  aitu. 

Cost  of  Dredging. — The  cost  of  dredging  varies  very  consider- 
ably according  to  the  circumstances  under  which  the  work  is 
performed.  Where  a  sufEciently  large  amount  of  material  has 
to  be  removed  to  warrant  the  purchase  of  plant  and  the  employ- 
ment of  a  regular  staff,  dredging  in  sand  can  be  done  with  screw 
hopper  suction  dredgers,  including  transport,  wages,  coals,  repairs, 
and  all  expenses  except  interest  and  repayment  for  plant,  at  1^. 
per  ton ;  with  screw  hopper  bucket  dredgers  working  in  free 
material,  at  about  2^(2.;  and  with  stationary  bucket  dredgers  and 
steam  hoppers,  the  cost  may  be  taken  at  about  S^d  With  hired 
plant  and  for  small  quantities,  the  price  will  reach  as  much  as 
Is.  6d.  or  even  28.  per  ton.    The  cost  of  dredging  may  be  divided 
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into  four  principal  items :  the  cost  of  raising  the  material, 
including  coal  and  labour ;  transport ;  repairs  and  maintenance ; 
andan  allowance  for  interest  on  the  capital  outlay  and  the  depre- 
ciation of  plant.  The  item  of  interest  may  be  taken  at  4  per 
cent. ;  depreciation  is  generally  reckoned  at  10  per  cent,  on  the 
cost  of  the  plant.  Repairs  and  maintenance  are  always  included 
in  the  current  expenses ;  they  vary  with  the  kind  of  machine,  and 
may  be  taken  at  about  one-third  to  one-fifbh  of  the  total  cost 
of  dredging  and  transporting  for  stationary  dredgers  and  hopper 
baizes,  and  less  for  hopper  dredgers. 

In  addition  to  the  actual  cost  of  the  repairs,  there  is  also 
considerable  loss  of  time  in  replacing  the  pins  of  buckets  and 
other  working  parts  of  the  machinery.  This,  however,  may  now 
be  considerably  reduced  by  the  use  of  manganese  steel.  Pins 
made  from  this  material  used  on  the  dredgers  working  at  Preston 
showed  a  wear  of  only  \  inch  at  the  end  of  ten  months,  the 
ordinary  steel  pins  previously  in  use  lasting  only  about  three 
months  before  requiring  to  be  renewed.  A  cast-steel  whelp  on 
the  top  tumbler  on  a  dredger  used  at  the  Hull  and  Bamsley 
Dock  showed  a  wear  of  only  \  inch  in  thirteen  months,  the  cast- 
steel  whelp  previously  in  use  having  worn  down  1^  inch  in 
the  same  period. 

The  cost  is  much  increased  when  dredging  has  to  be  done  in 
an  open  estuary,  especially  with  stationary  dredgers.  Frequently 
during  stormy  weather  operations  can  only  be  carried  on  for  a 
few  hours  in  the  day,  and  during  only  a  few  months  in  the  year, 
whereas  in  a  wide  river  the  work  may  proceed  continuously  day 
and  night.  In  Carlingford  Lough,  although  the  machine  was  so 
constructed  as  to  be  able  to  lie  at  anchor  on  the  site  of  dredging 
when  not  able  to  work,  yet  the  working  time  during  the  three 
years  the  dredging  proceeded  varied  from  67  to  131  days  in  a 
year.  On  many  of  these  days  the  dredging  could  only  be  carried 
on  for  two  or  three  hours. 

The  distance  to  which  the  material  has  to  be  conveyed  has 
also  a  considerable  bearing  on  the  cost. 

Where  plant  has  to  be  hired,  the  cost  of  removing  it  from  one 
port  to  another,  including  towing,  insurance,  etc.,  is  very  heavy.  As 
an  example  may  be  quoted  the  figures  given  by  Mr.  Capper,  as  the 
cost  of  hiring  dredging-plant  from  the  Tyne  for  the  improvement 
of  Swansea  harbour.  This  plant  consisted  of  one  dredger  valued  at 
;£25,000  and  five  hoppers  at  £1500  each.    The  distance  each 
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way  was  800  miles.  The  towing  cost  £2000 ;  insurance,  £1554  ; 
preparing  hoppers,  etc,  for  sea,  wages,  and  other  expenses,  £1664 : 
a  total  of  £5218  for  the  journey  both  ways.  The  rent  paid  was 
£100  a  week  for  the  dredger,  and  £9  for  each  of  the  hoppers. 
The  quantity  of  material  removed  during  the  six  months  this  plant 
was  in  use  was  336,768  tons.  The  hiring,  fetching,  and  returning 
the  plant  added  3*7lc2.  per  ton  to  the  cost  of  dredging  the 
material  Where  plant  has  to  be  hired,  the  use  of  screw  hopper 
dredgers  has  a  great  advantage  over  stationary  dredgers,  as  they 
can  proceed  under  their  own  steam  to  their  place  of  destination. 

Dredgers. — The  types  of  dredgei-s  in  use  may  be  divided 
into  stationary  bucket-ladder  dredgers;  grab  dredgers;  pump 
or  suction  dredgers,  constructed  either  as  stationary  or  hopper 
dredgers;  eroding  and  scouring  dredgers;  rock-breaking 
dredgers.  The  stationary  bucket  dredgers  are  divided  into 
two  classes,  having  respectively  single  or  double  ladders.  An 
advantage  is  claimed  for  the  latter  when  the  work  is  large  in 
quantity  and  the  material  of  a  heavy  character,  and  also  on 
account  of  their  being  able  to  dredge  close  up  to  a  walL  The 
single  ladder  has  the  advantage  of  being  able  to  discharge  into 
the  barges  on  either  side  of  the  vessel  by  regulating  the  shoots, 
whereas  with  a  double  ladder  each  one  can  only  discharge  on  its 
own  side.  Double-ladder  dredgers  also  require  more  space,  and 
consequently  are  only  adapted  for  channels  where  there  is  plenty 
of  room.  Most  of  the  modem  dredgers  are  made  with  single 
ladders.  These  dredgers  are  made  sufficiently  powerful  to  work 
in  the  hardest  clay  packed  with  boulders,  or  even  in  soft  rock,  in 
the  latter  case  the  buckets  being  fitted  with  spikes.  The  buckets 
of  a  first-class  dredger  will  lift  stones  weighing  over  two  tons, 
which  are  taken  from  them  by  a  derrick  crane  placed  >  on  the 
dredger. 

Bucket-ladder  dredgers  are  constructed,  for  work  in  small 
rivers,  about  75  feet  long  by  17  feet  wide  and  8  feet  deep,  and 
having  about  45  I.H.P.  engines,  and  costing  about  £2500.  Such 
a  dredger  will  raise  about  50  tons  of  clay  an  hour.  The  more 
powerful  machines  are  about  200  feet  long  by  35  feet  beam  by 
11  feet  6  inches  deep;  provided  with  two  pairs  of  engines,  each 
of  250  I.H.P. ;  each  bucket  containing  21  cwt,  and  the  whole 
raising  800  tons  an  hour.  These  machines  are  sometimes  made 
with  traversing  ladders,  so  that  they  can  cut  their  own  flotation 
through  shoals. 
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The  last  dredger,  the  Caimdhu,  built  for  the  Clyde  Trustees 
by  Messrs.  Flemuig  and  Ferguson,  is  a  good  example  of  the 
most  modem  form  of  machine.  It  is  a  self-propelling  twin- 
screw  bucket  dredger.  The  dimensions  are — 200  feet  in  length, 
37  feet  beam,  12^  feet  deep.  There  are  47  cast-steel  buckets, 
each  of  a  capacity  of  22  cubic  feet.  She  can  raise  600  tons  an 
hour  of  ordinary  material  from  a  depth  of  40  feet  Traversing- 
gear  for  working  the  bucket-ladder  in  advance  of  the  hull  is 
provided,  so  that  she  can  cut  her  own  flotation.  The  main 
engines  are  compound,  surface-condensing,  indicating  750  LH.P. 
There  are  six  sets  of  auxiliary  engines  for  performing  the  various 
operations  for  manipulating  the  dredger.  A  10-ton  steam  crane 
is  provided  on  deck  for  moving  the  upper  tumbler,  etc.  The 
gearing  is  fitted  for  two  speeds,  to  suit  the  different  kind  of 
material  in  which  the  machine  is  working.  The  vessel  is  fitted 
with  the  electric  light  throughout. 

Two  twin-screw  steel  steam  hopper  barges  have  also  recently 
been  added  to  the  fleet.  These  are  each  200  feet  long,  34  feet 
beam,  and  15j^  feet  deep,  and  capable  of  carrying  1000  tons  at 
10-knot  speed  and  draft  of  12^  feet. 

Hopper  Dredgers  are  a  combination  of  the  ordinary  dredger 
and  the  steam  hopper  barge.  They  are  made  to  carry  from  200 
to  1200  tons.  They  are  good  seagoing  vessels,  and  can  steam 
safely  across  the  sea.  The  advantage  these  machines  possess 
over  the  ordinary  dredger  is  that  the  first  cost  of  plant  is  less, 
no  barges  being  required;  they  occupy  much  less  space  when 
working,  as  no  barges  have  to  lie  alongside,  a  great  advantage 
when  working  in  a  river  channel;  they  can  work  in  exposed 
situations  where  it  would  be  impossible  for  barges  to  lie  along- 
side a  stationary  dredger.  They  can  work  with  a  smaller 
number  of  men,  and  the  cost  of  dredging  and  transport  is  less 
than  with  a  stationary  dredger  and  hoppers.  An  800-ton 
hopper  dredger  requires  13  men  in  all,  and  one  of  250  tons 
capacity  can  be  worked  with  8  men  for  the  ordinary  day  shift, 
these  numbers  being  increased  one-half  if  the  dredger  is  worked 
night  and  day.  The  operation  of  mooring  and  unmooring  the 
vessel  when  at  work  can  be  performed  in  about  a  quarter  of  an 
hour.  The  cost  of  a  hopper-dredger  115  feet  long,  26  feet  beam, 
to  carry  250  tons,  is  about  from  £10,000  to  £12,000. 

Grab  Dredgers. — These  dredgers,  originally  brought  out  by 
Messrs.  Priestman  &  Co.,  consist  of  a  single  opening  scoop  or 
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bucket  suspended  from  the  end  of  the  jib  of  a  crane  by  chains 
specially  arranged  so  as  to  enable  the  bucket  to  be  opened  and 
closed.  The  scoops  are  made  either  with  smooth  cutting  edges 
for  soft  material,  or  are  provided  with  steel  tines  for  cutting  into 
hard  material  or  for  raising  the  debris  of  disintegrated  rock.  The 
buckets  and  grabs  are  made  of  various  sizes,  varying  in  capacity 
from  5  to  40  cwt.  Several  modifications  of  the  original  design 
have  been  brought  out,  the  chief  variation  consisting  in  the 
manipulation  of  the  chain  used.  They  are  worked  either  with 
a  single  or  double  chain,  the  latter  being  considered  as  less 
complicated  in  working  than  those  having  a  single  chain.  The 
action  of  the  machine  is  as  follows :  On  the  bucket  being 
released,  the  chain  runs  out  over  the  pulley  at  the  jib  head,  and 
the  bucket  descends  through  the  water  into  the  material  to  be 
lifted  with  its  cutting  edges  open,  and,  the  faces  or  teeth  falling 
perpendicularly.  The  weight  of  the  grab  forces  them  into  the 
material.  The  chain  is  then  drawn  in  by  the  drum  of  the 
winch,  closing  the  grab  and  raising  it. 

They  are  exceedingly  useful  machines  for  working  in  docks 
or  confined  spaces,  and  for  harbours  and  river  work  where  the 
material  is  soft.  The  cost  is  small,  it  requires  only  a  small  staff 
to  work  them,  and  they  occupy  a  very  small  space.  The  size 
of  the  machine  varies  from  one  capable  of  lifting  from  100  tons 
to  800  tons  a  day  of  soft  mud,  or  500  tons  of  more  compact 
material.  The  price  of  the  smaller  machines  is  about  £325, 
including  the  engines  and  boiler,  but  not  the  barge;  and  the 
largest  machines,  £875.  The  cost  of  lifting  soft  material  to  a 
height  of  20  feet  with  these  machines  is  about  IJd  per  ton. 
The  smaller  machines  require  a  barge  about  30  feet  long,  with 
12  feet  beam,  and  the  largest  60  feet  by  22  feet. 

The  grab  known  as  the  Cockbum  dredger  is  designed  with 
the  object  of  supplying  a  machine  that  will  excavate  material 
too  hard  to  be  operated  on  by  the  ordinary  form  of  grab.  The 
scoop  is  attached  to  the  end  of  a  pole  or  tube,  through  which 
the  chains  for  opening  and  closing  the  scoop  work;  by  this 
means  there  is  no  tendency  for  the  jaws  to  slip  up  as  the 
scoop  is  raised.  The  pole  is  attached  to  a  movable  jib  pivoted 
to  the  frame  of  the  crane.  A  depth  of  35  feet  below  water-level 
can  be  raised  with  this  form  of  grab. 

Pump  or  Suction.  Dredgers. — These  machines  are  principally 
used  for  raising  sand  or  mud,  the  material  being  pumped  up 
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through  suction-tubes,  and  discharged  either  into  a  hopper  or 
through  pipes  or  troughs  on  to  the  shore.  They  can  also,  by 
adopting  the  plan  designed  by  Yon  Schmidt,  of  San  Francisco, 
be  made  to  remove  clay  by  having  a  cutter  placed  at  the  end 
of  a  shaft  working  in  the  suction-tube ;  the  cutter  breaks  up 
the  material  sufficiently  small  for  the  detached  pieces  to  be 
drawn  up  the  suction-tube.  When  working  in  heavy  sand, 
the  material  left  in  the  hopper  represents  about  50  per  cent,  of 
the  water  and  sand  raised ;  in  clayey  sand,  about  40  per  cent, 
remains ;  and  in  sticky  clay,  about  IQ  per  cent 

The  advantage  of  these  dredgers  is  that  they  can  work  in 
any  ordinary  weather,  and  at  times  when  it  would  be  quite 
impossible  for  dredgers  of  other  types  to  do  so ;  and  the  material 
raised  can  be  delivered  directly  for  distances  of  from  200  to 
300  yards  by  the  force  of  the  pump,  so  that  silt  raised  from  the 
bed  of  a  river  or  harbour  may  be  delivered  directly  at  the  back 
of  training  walls,  or  used  for  raising  land  for  harbour  purposes. 
The  pumps  used  will  raise  and  pass  through  them  stones  or 
other  hard  substances  of  any  si2^  that  will  pass  through  the 
suction-pipes.  The  cost  of  the  pumps,  suction,  and  delivery 
pipes,  engine  and  boiler,  and  everything,  exclusive  of  the  boat, 
may  be  taken  as  varying  from  about  £500  to  lift  30  tons  an 
hour  to  £1700  to  raise  100  tons  an  hour. 

Suction-hopper  dredgers  have  been  used  for  the  removal  of 
the  sand  constituting  the  bar  of  the  Mersey,  and  in  the  first 
year's  dredging  over  a  million  tons  were  thus  removed.  Sub- 
sequently more  powerful  machinery  was  obtained,  and  a  twin- 
screw  suction-hopper  dredger  was  built  for  the  Board  by  the 
Naval  Construction  and  Armaments  Company  at  Barrow, 
capable  of  carrying  3000  tons  of  sand,  and  of  raising  this 
quantity  in  three-quarters  of  an  hour. 

For  deepening  the  entrance  to  the  Maas,  where  the  water 
was  so  rough  that  no  ladder  dredger  could  have  worked,  a  sand- 
pump  dredger  was  able  to  work  with  waves  of  three  feet 
running.  The  vessel  was  held  with  one  anchor,  so  as  to  be 
quickly  slipped.  It  was  141  feet  long,  with  27  beam,  and 
hopper  capacity  of  600  tons.  The  centrifugal  pump  had  a 
6  ft  3  in.  fan  running  at  120  revolutions  a  minute,  and 
could  raise  230  cubic  feet  of  sand  from  a  depth  of  33  feet 
Allowing  one  of  sand  to  seven  of  water,  this  left  29  cubic  feet 
of  sand  as  remaining  in  the  hopper.    Six  per  cent,  of  sand 
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remained  in  suspension  and  went  away  with  the  water.  It  took 
fifteen  minutes  to  anchor  and  lower  the  suction-pipe,  and  seven 
minutes  to  heave  the  anchor. 

In  New  South  Wales,  a  steam-hopper  barge  was  converted 
into  a  sand-pump  dredger  in  1889,  and  started  deepening  the 
new  basin  behind  Bullock  Island  in  Newcastle  harbour.  It 
was  calculated  that,  in  making  the  deep-water  channel,  about 
1^  million  tons  of  sand  were  lifted  and  pumped  on  land  which 
required  reclaiming.  Twent}''-two  acres  thus  had  a  commercial 
value  imparted  to  them  of  £44,000,  the  cost  of  the  dredging 
being  £8500.  Results  as  satisfactory  followed  the  conversion 
of  a  steam-hopper  barge  into  a  sand-pump  dredger  in  Sydney 
harbour ;  the  silt  in  this  case  was  pumped  a  distance  of  1100  feet 
to  fill  up  some  low  land.  Owing  to  the  long  distance  the 
material  would  have  had  to  be  wheeled,  the  cost  of  conveying 
by  hand-labour  would  have  been  Is.  2J^.  per  ton,  as  against 
2j[d!.  with  the  sand-pump  (''Report  to  Legislative  Assembly 
on  Dredging  Operations,"  by  C.  W.  Darley,  C.E.,  1891). 

A  new  suction  dredger,  constructed  in  the  colony,  150  feet 
long  by  50  feet  wide,  with  engines  of  400  I.H.P.  when  dredging 
in  clay,  has  the  suction-pipe  fixed^ vertically,  and  it  travels  round 
the  end  of  the  vessel.  Attached  to  the  suction-pipe  is  a  vertical 
shaft  having  horizontal  cutters  at  the  bottom.  These  cutters  are 
hooded  over,  and  as  the  material  is  broken  up  it  is  drawn  into 
the  suction-pipe  by  the  action  of  the  pumps.  The  suction-pipe 
is  21  inches  in  diameter,  made  in  three  telescopic  lengths,  so 
that  a  depth  of  26  feet  can  be  reached  when  necessary.  The 
centrifugal  pump  is  capable  of  i*aising  16,000  cubic  feet  of  water 
and  sludge  a  minute.  Occasionally  bricks,  stones,  and  pieces  of 
iron  weighing  from  6  to  8  lbs.  are  drawn  up  the  suction- 
pipes  without  injury  to  the  pumpa  The  cost  of  this  dredger 
constructed  in  the  colony  was  £7960.  The  material  as  raised 
is  discharged  through  iron  pipes  varying  from  1000  to  4000 
feet  in  length  on  to  low  swampy  ground  by  the  side  of  the 
channel,  which  is  thus  being  raised.  The  method  of  mooring 
the  dredgers  used  for  these  reclamation  works  is  peculiar. 
Piles  fitted  with  heavy  iron  shoes  are  suspended  vertically 
from  frames  on  the  deck,  the  lower  end  being  kept  in  place 
by  guide-rings.  When  the  vessel  is  to  be  moored,  the  piles 
are  set  free,  and  drop  on  to  and  penetrate  the  ground  at 
the  bottom  of  the  channeL    When  the  vessel  requires  warping 
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forward,  the  piles  are  lifted  to  their  former  position  by  chains 
passing  over  winches  worked  by  the  engines.  The  work  of 
raising  and  depositing  this  clay  and  mud  on  the  swamp  at 
the  side  of  the  channel  was  let  by  contract  at  prices  varying 
from  l8.  IJ^.  to  la,  3d  per  yard,  the  contractors  finding  the 
plant. 

A  steam-hopper  suction  dredger,  constructed  by  Messrs. 
Simons  and  Co.  for  the  Natal  Qovemment,  may  be  taken  as 
typical  of  this  clasd  of  machine.  The  dimensions  of  this  vessel 
were,  155  feet  long,  30  feet  beam,  and  12  feet  depth.  The  hull 
was  built  of  steel,  and  divided  into  six  water-tight  compart- 
ments. The  deck  was  of  iron,  covered  with  Kauri  pine.  The 
hoppers  are  amidships,  and  have  a  capacity  of  500  tons;  the 
doors  are  raised  by  steam  power.  The  vessel  is  driven  by  twin- 
screws,  and  has  two  pairs  of  surface  condensing  engines  of 
500  I.H.P.,  giving  a  speed  of  9f  knots.  The  dredging-plant 
consists  of  two  18-inch  centrifugal  pumps  with  suction-pipes. 
The  tubes  are  each  67  feet  6  inches  long,  and  they  can  dredge 
sand  to  a  depth  of  40  feet  from  the  water-level.  The  pumps  work 
at  150  revolutions  a  minute,  and  absorb  180  I.H.P.  At  this 
speed  they  can  raise  1000  tons  an  hour.  This  vessel  went  under 
her  own  steam  from  this  country  to  her  destination  at  Durban 
without  any  mishap.  A  crew  of  about  thirteen  hands  is  required 
to  work  the  vessel,  and  the  speed  when  going  to  and  firom  the 
discharging  ground  is  about  seven  knots.  The  quantity  of  solid 
matter  deposited  in  the  hoppers  varies  from  5  to  50  per  cent,  of 
the  water  discharged  by  the  pumps,  depending  on  the  descriptioii 
of  material  operated  on.  The  pumps  raise  gravel  and  stones 
weighing  20  lbs. 

In  the  improvements  carried  out  for  deepening  the  channel 
leading  to  the  harbour  of  New  York,  already  referred  to, 
4,875,079  cubic  yards  of  material  were  removed  under  various 
contracts,  at  an  average  cost  of  26*4  cents  per  cubic  yard,  equal 
to  about  10^.  per  ton.  The  material  had  to  be  conveyed 
lOj^  miles  to  sea.  The  quantity  on  which  the  contractor  was 
paid  was  the  quantity  in  the  barges ;  but  this  was  about  27  per 
cent,  less  than  the  actual  quantity  removed,  the  remainder  being 
carried  away  in  suspension  by  the  current.  The  material  had 
to  be  raised  from  a  depth  varying  from  24  to  35  feet  under 
water,  the  total  lift  being  36  to  46  feet.  In  every  cubic  yard 
of  solid  matter  thus  transported  by  the  barges  and  paid  for,  a 


238  TIDAL  RIVERS. 

large  additional  quantity  had  to  be  raised.    The  material  con- 
sisted of  mud,  clay,  and  sand,  and  part  of  this  being  nearly  of 
the  same  specific  gravity  as  the  water,  when  it  became  incorpo* 
rated  with  it,  only  a  certain  quantity  settled  in  the  barges,  the 
remainder  going  overboard  with  the  water,  and  being  carried 
away  by  the  current     The  plant  provided  for  doing  tiie  prin- 
cipal part  of  the  work  consisted  of  three  seagoing  dredging 
steamers,    four    large    barges,    and    four    steam-tugs.     These 
dredgers  varied  in  length  from  132  to  157  feet,  31  to  37  feet 
beam,  and  8  to  16  feet  in  depth,  their  carrying  capacity  varying 
from  275  to  650  cubic  yarda     Each  dredger  was  provided  with 
two  pumping  outfits  independentiy  arranged.     Each  pump  was 
capable  of  lifting  4200  gallons  a  minute.     The  suction-pipes, 
15  to  18  inches  diameter  and  60  feet  long,  were  located  one  on 
each  side  of  the  steamer  amidships.     To  render  them  fiexible  so 
as  to  accommodate  them  to  the  rolling  and  pitching  motion, 
about  12  feet  consisted  of  rubber  supported  by  chains  against 
the  vertical  strain  caused  by  the  rest  of  the  pipes ;  the  pipes 
were  provided  with  scrapers  at  the  bottom  for  loosening  the 
material.     The  hoppers  were   divided  into  compartments  sur- 
rounded by  longitudinal  sluice-ways  extending  either  way  from 
a  central  receiving  hopper.     These  sluices  were  provided  along 
their  course  with  a  series  of  adjustable  bottom  and  side  gates  to 
regulate  the  discharge  of  the  material  into  the  different  com- 
partments, and  prevent  the  listing  of  the  vessels.     The  steamers 
worked  in  all  but  the  roughest  weather,  and  were  kept  under 
headway  from  the  time  they  left  their  berths  in  the  morning 
until  they  returned  to  it  at  night.     On  arriving  at  the  station, 
the  pipes  were  lowered,  and  the  vessel  kept  constantly  under 
steering  headway  until  the  hoppers  were  full,  when  the  pipes 
were  hoisted,  and  the  vessel,  put  under  full  steam,  proceeded  to 
the  discharging-ground.     Qedney  Channel  being  practically  in 
the  Atlantic,  the  work  was  exposed  to  the  winds  and  roughness  of 
the  ocean,  which  occasionally  prevented  the  vessels  from  working. 
The  time  occupied  by  the  largest  vessels  carrying  650  cubic 
yards  was  thus  distributed:   pumping,   48*6   min.;   transport- 
ing,  1  hr.  11   min.;   under  steam   per  day,   16   hrs.   4   min.; 
loads  per  day,  6*73 ;  cubic  yards,  3936*65 ;  time  lost  by  repairs, 
2  hrs.  24  min. ;  lost  by  weather,  32  hrs.  60  min. 

The  Thyboron,  constructed  by  Messr&  Lobnitz  and  Co.  for 
the  Danish  Qovemment,  is  165  feet  long,  34  feet  beam,  and 
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12  feet  deep.  Her  draught,  light,  is  6  feet  6  inches,  and  loaded 
to  her  full  capacity  of  700  tons,  10  feet.  There  are  two  pumps, 
capable  of  discharging  2400  cubic  feet  of  water  only  per  minute 
when  working  at  their  normal  speed,  which  can  fill  the  hopper 
with  600  tons  of -sand  in  half  an  hour  on  a  coal  consumption  of 
2i  cwt. 

Combined  Dredgers. —Dredgers  are  frequently  made  so  as  to 
be  adapted  to  several  different  kinds  of  work.  Thus  a  steel 
screw  self-propelling  combined  sand-pump  and  bucket-hopper 
'dredger,  caUed  the  Yera/iiyubz,  was  constructed  by  Messrs. 
Fleming  and  Ferguson  for  harbour  work  in  Mexico.  Her 
dimensions  are  160  feet  long,  30  feet  beam,  and  12j^  feet  deep. 
She  is  capable  of  raising  300  tons  an  hour  from  a  depth  of 
35  feet,  and  of  carrying  300  tons.  She  is  fitted  with  the  ordinary 
bucket  ladder  fitted  with  teeth  for  rock-cutting,  and  also  centri- 
fugal pumping  machinery  for  raising  sand  and  discharging  it 
through  floating  pipes  a  distance  of  a  quarter  of  a  mile.  The 
engines  are  of  300  I.HP.  She  steamed  to  Mexico  under  her 
own  steam. 

A  steel  twin-screw  hopper  dredger,  recently  constructed  by 
Messrs.  Simons  and  Co.,  of  Renfrew,  for  the  Russian  Govern- 
ment, has  a  hopper  capacity  of  1000  tons,  and  the  buckets  can 
ndse  the  same  quantity  of  free  soil  in  an  hour.  It  is  provided 
with  two  sets  of  buckets,  the  larger  containing  25  cubic  feet,  and 
the  smaller,  for  dealing  with  hard  material,  11  cubic  feet.  Steel 
ripping  picks  for  disintegrating  hard  material  can  be  substituted 
for  every  second  or  third  bucket.  It  is  also  provided  with  a 
centrifugal  suction-pump,  which  can  raise  500  tons  of  sand  an 
hour.  The  dredger  works  to  a  depth  of  36  feet  of  water.  The 
engines  are  compound  surface  condensing  of  1000  I.H.P.  collec- 
tively, each  driving  its  own  propeller.  Steam  is  supplied  at  a 
pressure  of  100  lbs.  Steam  winches  are  fixed  at  the  bow 
and  stem  for  handling  the  mooring-chains.  The  hopper  doors 
are  also  worked  by  steam  power.  Two  steam  cranes  con- 
trol the  movement  of  the  bucket  ladder  and  suction-pipe.  The 
ladder  is  hoisted  by  twelve  steel  ropes,  the  lifting  barrel 
being  worked  by  steam.  The  vessel  is  lighted  throughout  by 
electricity. 

Shore-delivery  Dredgers  and  Transporters.  —  When  it  is 
practicable  to  deliver  material  raised  by  bucket  dredgers  on  to 
the  shore  or  sides  of  the  channel,  iJiis  is  accomplished  either  by 
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dredgers  having  long  ladders  and  diachaiging  directly  at  a  great 
elevation  into  pipes  or  troughs,  the  travel  of  the  material  being 
assisted  by  a  stream  of  water  forced  along  the  pipes  by  a  centri* 
fagal  pump ;  or  the  material  is  raised  firom  the  barges  and  dia- 
chaiged  in  the  same  manner.  These  dredgers  are  made  with  the 
tumblers  as  much  as  80  feet  above  the  water-level,  and,  where 
required,  can  cut  their  own  flotation,  and  deliver  the  spoil  over 
high  banks  on  to  the  shore.  When  the  material  is  not  suitable 
for  conveyance  along  pipes  or  troughs,  it  is  conveyed  to  the  shore 
by  a  travelling  platform  moved  by  an  endless  chain.  Shore- 
delivery  dredgers  have  been  extensively  used  in  the  Seine  at 
Bouen,  in  the  Gironde,  and  on  the  Weser. 

During  the  construction  of  the  Suez  Canal,  J\L  LavaUy 
employed  suction  dredgers,  and  sent  the  material  through  shoots 
230  feet  long.  Sand  flowed  through  these  shoots,  with  a  sufficient 
quantity  of  water,  at  an  inclination  of  1  in  20.  Sand  mixed  with 
shells  would  not  travel  at  an  inclination  of  1  in  10,  and  an 
endless  chain  had  to  be  used.  Stiff  day  fell  in  lumps^  but 
worked  along  the  shoots  which  were  provided  with  the  endless 
chain. 

In  the  dredging  operations  carried  on  for  improving  the 
navigation  of  the  Garonne  between  Bordeaux  and  the  sea,  three 
bucket  dredgers  and  two  cutting  suction  dredgers  were  employed. 
The  bucket  dredgers  were  of  120  H.P.,  and  discharged  their 
material  by  means  of  a  distributor  and  centrifugal  pump  through 
floating  iron  tubes  12  inches  diameter  with  leather  joints. 
Each  machine  conveyed  about  11,000  cubic  yards  a  month  to  a 
distance  of  1000  feet,  at  a  height  of  about  15  feet.  The  material 
was  a  sticky  clay,  and  its  progress  was  assisted  along  the  tubes  by 
an  auxiliary  pump  placed  on  a  barge  alongside  the  dredgers.  Of 
the  two  cutting  suction  dredgers,  one  had  a  suction-pipe  12  inches 
in  diameter  hung  at  the  side  of  the  dredger,  the  position  being 
regulated  by  chains  and  pulleys.  A  set  of  cutters  moved  by 
gearing  from  the  dredger,  was  flxed  on  an  axle  placed  at  the  end  of 
the  frame  carrying  the  pipe,  and  beyond  its  mouth,  so  that  the 
cutters  drew  the  material  they  detached  towards  the  pipe.  With 
40  H.P.  this  dredger  discharged  11,000  cubic  yards  of  material 
in  a  month  through  floating  tubes  to  a  distance  of  1000  feet,  at 
an  elevation  of  16  J  feet.  The  suction-pipe  of  the  other  dredger 
was  15  inches  in  diameter,  and  was  placed  in  a  central  well  of  the 
barge,  and  entered  a  central   longitudinal  recess  when  raised 
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horizontally.  The  cutting  discs  revolved  at  the  rate  of  fifty- 
revolutions  a  minute.  This  dredger  has  engine-power  of  129  H.P., 
and  can  remove  39,000  cubic  yards  a  month  from  a  depth  of  25 
feet  below  the  water-line.  These  dredgers  are  worked  by  four 
men,  whereas  the  bucket  dredgers  require  seventeen  men.  The 
average  proportion  of  solid  matter  raised  by  the  suction  dredgers 
when  working  in  sticky  clay  is  10  to  12  per  cent,  of  the  wateiy 
mixture  raised,  but  it  reaches  40  per  cent,  in  clayey  sand. 

Another  machine  used  in  the  Garonne  works  consisted  of  an 
excavator  running  on  rails,  the  buckets  scooping  away  the  river- 
bank,  where  it  had  to  be  removed,  to  a  slope  of  1  to  1.  The 
material  was  delivered  from  the  buckets  on  to  an  endless  band 
4  feet  wide,  carried  on  rollers  placed  3*28  feet  apart  This 
band  traversed  a  gantry  consisting  of  two  wrought-iron  girders, 
divided  in  spans  of  131  feet,  supported  on  wrought-iron  piers 
running  on  rails.  The  band  was  worked  by  an  engine  placed  on 
rails  between  the  excavator  and  the  staging,  which,  by  a  wire- 
rope  transmission  running  the  whole  length  of  the  staging,  and 
of  a  spur-wheel  and  worm  gear  fitted  on  each  pier,  worked  the 
endless  band  and  pulled  the  staging  and  itself  along  at  the 
same  speed  as  the  excavator  was  doing  the  work.  The  material 
was  carried  by  the  endless  band  1140  feet.  The  length  of  rails 
under  each  pier  was  984  feet. 

During  the  construction  of  the  Manchester  Ship  Canal,  a  soil- 
transporter,  designed  by  Mr.  John  Price,  was  used  for  conveying 
the  material  from  the  cutting  to  trucks  on  the  bank.  The 
material  removed  was  mud,  sand,  and  clay.  The  transporter 
consisted  of  a  trussed  wooden  box  girder  94  feet  long,  5  feet  wide, 
and  6  feet  6  inches  deep,  supported  at  its  extremities  by  two 
decked  barges  70  feet  long,  14  feet  beam.  This  girder  carried  a 
set  of  steel  shafts  and  flanged  rollers,  over  which  travelled  a 
band  of  a  total  length  of  330  feet,  made  of  elm,  4  feet  wide  and 
8^  inches  deep,  bolted  to  two  endless  chains  3  inches  deep,  1  inch 
wide,  and  2  feet  pitch.  The  points  of  the  band  were  covered 
with  thin  iron  plates,  to  prevent  spilling  and  lessen  the  wear 
on  the  edges  of  the  boards.  The  girder  on  the  boat  nearest  the 
shore  was  hinged  so  as  to  be  capable  of  being  raised  or  lowered, 
and  was  supported  from  a  jib  by  chaina  The  band  passed 
round  hexagonal  tumblers  at  either  end  of  the  girder.  The 
material  was  delivered  from  the  dredger  direct  on  to  the  band  at 
any  part  of  its  length  between  the  boats,  and,  travelling  along  the 
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girder,  was  delivered  into  the  trucks  on  the  shore  by  means  of 
the  projecting  girder  supported  by  the  jib.  The  chain  of  the 
endless  band  travelled  on  flanged  steel  rollers  7  inches  in 
diameter,  keyed  on  to  steel  spindles  1}  diameter.  It  was  driven 
by  a  10  H.P.  engine,  having  a  vertical  boiler,  the  engine  running 
at  120  revolutions  a  minute  to  5^  of  the  driving  tumbler,  the 
band  travelling  at  the  rate  of  66  feet  per  minute.  A  full 
description  of  this  machine,  with  illustrations,  will  be  found  in 
EngiTieering  of  July  24, 1891. 

On  the  North  Sea  and  Baltic  Canal,  shore  deliverers,  consist- 
ing of  two  vessels  connected  together  by  cross-girders,  were  used, 
a  sufficient  width  being  left  between  the  vessels  to  form  a  well 
large  enough  for  a  barge  to  float  into.  The  dredged  material  is 
raised  out  of  the  barges  by  a  doable  set  of  ladders  and  buckets 
to  a  height  of  34  feet  5  inches  above  the  water-line  into  troughs 
164  feet  long,  running  to  the  shore,  the  material  being  carried 
along  by  a  strong  stream  of  water  supplied  by  a  centrifugal  pump. 
One  vessel  is  provided  with  a  compound  engine  of  150  H.P. 
for  driving  the  two  pumps.  In  the  other  vessel  is  a  compound 
engine  of  100  I.H.P.  for  working  the  buckets.  The  vessels  are 
82  feet  long,  14  feet  9  inches  beam,  6  feet  7  inches  deep ;  average 
draught,  4  feet  7  inches ;  space  between  the  two  vessels,  21  feet 
6  inches.  The  buckets  have  a  capacity  of  5*65  cubic  feet,  and 
the  speed  of  the  travel  is  at  the  rate  of  25  to  30  buckets  a 
minute,  so  that,  with  both  ladders  working,  50  to  60  buckets  are 
discharged  a  minute.  The  gradient  of  the  shoots  is  1  in  25. 
About  350  cubic  metres  of  material  is  elevated  an  hour.  The 
troughs  are  supported  by  a  derrick  fixed  on  the  vessel. 

In  the  construction  of  the  Mexico  Drainage  Canal  in  1892, 
five  Couloir  dredgers,  constructed  by  Messrs.  Lobnitz  and  Co.  of 
Renfrew,  were  employed.  Thesa  were  capable  of  dredging  to  a 
depth  of  56  feet  below  the  water,  and  of  cutting  a  face  in  front  9 
feet  above  ^ater-level.  The  material  was  lifted  by  buckets  to  the 
top  of  a  stage  on  the  dredger,  and  thence  conveyed  to  the  shore 
on  either  side  of  the  canal  along  troughs  supported  by  derricks 
fixed  on  both  sides  of  the  vessel. 

Kock-dredgers. — Formerly,  where  rock  had  to  be  removed, 
the  material  was  first  broken  up  by  blasting,  the  pieces  being 
afterwards  removed  by  buckets  or  grab  dredgers.  More  recently, 
where  the  rock  is  soft  or  easily  acted  on,  this  has  been  removed 
by  means  of  strong  steel  claws,  either  fastened  on  to  the  buckets 
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of  a  powerful  dredger,  or  every  alternate  bucket  is  replaced  by 
the  claws. 

Where  the  rock  is  too  hard  to  be  acted  on  by  this' means,  it 
has  been  broken  up  by  the  ose  of  heavy  rams.  The  rock-cutters 
have  the  form  of  heavy  chisel-pointed  rams,  which,  after  being 
raised,  are  allowed  to  drop  fixim  10  to  20  feet  on  the  rock. 
With  rams  of  sufficient  weight  the  hardest  rocks  can  thus  be 
broken  up,  the  dibria  being  removed  by  grabs.  For  small  works 
a  single  cutter  is  sufficient,  and  the  removal  by  this  means  can 
be  eBected  at  very  much  less  cost  than  by  blasting. 

For  the  removal  of  submerged  rock,  a  machine  (shown  in 
Fig.  34)  has  been  designed  by  Mr.  Lobnitz,  termed  a  "  Dero- 
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cheuse."     By  the  aid  of  this  dredger  the  rock  is  broken  up  into 
pieces  sufficiently  small  to  be  removed  by  a  grab  or  buckets. 

Several  of  these  machines  were  supplied  by  Messrs.  Lobnitz 
and  Co.  of  Renfrew  for  removing  a  shoal  containing  about  three 
million  tons  of  hard  limestone  rock,  in  the  Suez  CanaL  The  first 
dredger  constructed  was  180  feet  long,  40  feet  broad,  and  12  feet 
deep.  It  was  fitted  with  ten  heavy  chisel-pointed  rams,  or  rock- 
cutters,  each  42  feet  long,  and  weighing  4  tons.  Five  of  these  were 
fitted  on  each  side  of  the  well,  through  which  the  broken  rock  was 
lifted  by  a  ladder  and  backets,  the  l»g  of  iho  bucket-chain  being 
supported  by  a  guide-wheel  specially  designed  by  the  makers  to 
relieve  the  strain  on  the  bearings,  bucket-links,  and  pins.  These 
rams  were  raised  by  hydraulic  power,  and  allowed  to  fall  from 
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10  to  20  feet  on  the  rock,  and  deliver  from  200  to  300  blows  an 
hour.  The  bucket-chains  were  driven  by  a  four-cylinder  com- 
pound engine  of  200  I.H.P.  When  at  work  the  machine  was 
moved  over  the  surface  in  a  series  of  arcs  by  winch  motion, 
arranged  by  swinging  the  vessel  from  side  to  side,  pivoting  on  a 
steel  mooring  pile  3  feet  in  diameter,  which  passed  down  through 
the  hull  in  the  after  part  of  the  vessel  and  rested  on  the  rock. 
There  were  two  of  these  piles  manoeuvred  by  hydraulic  power 
enabling  the  vessel  to  advance  a  given  distance  after  each  swing, 
and  preventing  her  losing  her  position.  The  cost  of  cutting  and 
dredging  the  rock  was  stated  by  Mr.  Lobnitz  to  be  28.  8<2.  per 
cubic  yard,  or,  including  all  expenses  except  transport,  58.  per 
cubic  yard.  A  full  description  of  the  machine  used  in  the  Suez 
Canal  will  be  found  in  the  Froc,  Inst.  G.E,,  voL  xcvii. 

'A  machine  constructed  on  this  principle  was  also  used  for  the 
removal  of  a  hard  reef  of  rocks  at  Pemambuco,  situated  about 
36  feet  below  the  surface.  The  cutters  were  40  feet  long,  and 
weighed  8  tons  each.  They  were  actuated  by  a  crane  used  for 
depositing  concrete  blocks.  The  broken  rock,  reduced  by  the 
chisel-pointed  rams  to  the  size  of  ordinary  ballast,  was  raised  by 
a  30-cwt.  grab  working  35  feet  below  the  surface. 

These  dredgers  have  also  been  in  use  breaking  up  and 
removing  the  rock  at  the  "  Iron  Gates "  of  the  Danube.  The 
barges  on  which  the  rock-breaking  apparatus  for  the  Danube 
was  fixed  were  80  feet  long,  25  feet  wide,  by  7  feet  deep,  and  the 
cutter  reached  to  a  depth  of  36  feet  below  the  water-line.  The 
cutter  was  40  feet  long,  and  weighed  8  tons. 

One  of  these  rock-cutters  was  also  used  in  excavating  the 
Government  dock  at  Malta.  This  machine  was  supported  by  a 
strong  girder  resting  on  two  hopper  barges,  and  worked  by  two 
semi-portable  engines ;  three  8-ton  cutters  were  employed.  The 
machine  constructed  for  the  New  South  Wales  Government  was 
worked  from  a  vessel  100  feet  long,  35  feet  beam,  and  8  feet  deep. 
Three  8-ton  cutters,  39  feet  long,  were  driven  through  a  well 
amidships,  the  engine  being  placed  forward;  this  vessel  was 
manoeuvred  by  winches. 

For  small  works  a  single  cutter  can  be  used,  and  this  may  be 
mounted  on  any  barge  of  sufficient  size.  These  smaller  cutters 
weigh  6  tons,  and  are  driven  at  the  rate  of  35  blows  an  hour.  They 
break  the  rock  into  piecesof  an  average  size  of  2  cubic  feet  per  blow, 
and  can  work  in  any  tideway,  and  up  to  40  feet  below  the  surfiEuse. 
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The  engine-power  required  to  work  a  single  cutter  is  about 
60  LH.P.,  and  the  cost  of  the  cutter  ready  for  fixing  on  the  barge, 
including  winches  and  derrick  and  spare  gear,  but  exclusive  of 
the  barge,  is  about  £2000. 

One  of  these  smaller  rock-dredgers  has  been  built  for  Limerick 
harbour. 

The  advantage  claimed  by  these  rock-cutters  is  that  the  rock 
broken  by  them  can  be  lifted  at  a  small  cost.  The  cost  of  break- 
ing the  rock  is  not  less  than  by  explosives,  but  the  broken  pieces, 
being  smaller,  are  more  readily  lifted  by  a  grab. 

Another  form  of  rock-Breaking  machinery  used  on  the 
Danube  rocks  consisted  of  steam  hammers  carrying  cross-cut 
chisels  9^  inches  in  diameter,  and  delivering  100  to  150  blows 
a  minute.  These  hammers  worked  under  a  pressure  of  73*5  lbs. 
per  square  inch  in  elliptical  caissons  7  feet  3  inches  diameter  on 
the  major  axis,  suspended  on  framing  between  guides,  and 
placed  6  feet  10  inches  apart  centre  to  centre  on  the  barge. 
The  caissons  were  raised  or  lowered  by  hydraulic  power  to  a 
maximum  depth  of  13  feet  below  the  surface  of  the  water. 
The  effective  work  of  the  chisel  was  reckoned  at  21,690  foot- 
pounds. The  whole  surface  of  the  rock  by  this  means  was 
completely  disintegrated,  the  current  removing  the  dibris 
without  the  necessity  of  dredging  it  up.  Six  of  the  hammers 
were  fixed  on  a  vessel  115  feet  long,  21  feet  4  inches  beam,  and 
8  feet  3  inches  deep.  The  cost  of  breaking  up  the  rock  by  this 
means  was  9a.  7d.  per  cubic  yard. 

Eroding  I)redgerB.-^yarious  attempts  have  been  made  from 
time  to  time  to  disturb  and  break  up  shoals  in  rivers  by 
mechanical  agency.  Harrows  of  different  descriptions  have 
frequently  been  used  for  this  purpose,  and  the  first  attempt  at 
deepening  the  liver  Clyde  was  accomplished  by  the  use  of  both 
harrows  and  ploughs. 

On  the  Danube  a  boat  fitted  with  a  triangular  rake  hung 
over  the  bow  of  a  steamer  was  ditigged  across  the  shallows,  the 
steamer  running  astern.  By  this  the  shoals,  which  consisted 
principally  of  shingle,  were  removed,  and  the  depth  of  water 
increased  from  3  feet  to  4  feet. 

Harrows  have  also  been  used  for  removing  the  shoals  at  the 
lower  end  of  the  Volga.  The  harrows  were  towed  over  the 
shoals  at  the  rate  of  about  7  miles  an  hour  by  a  steam-tug,  and 
the  depth  increased  by  this  means  from  2  feet  4  inches  to 
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6  feet  5  inches.  The  chief  advantage  which  the  harrows 
conferred  was  in  loosening  and  disintegrating  the  crust  found 
on  the  top  of  the  shoals,  after  which  the  current  was  able  to 
transport  the  material  away. 

Another  means  of  erosion  used  is  by  fixing  movable  dams 
across  the  channel  to  be  operated  on.  This  plan  was  tried  in 
the  river  Stour,  which  is  about  50  feet  wide  and  6  feet  deep. 
At  the  beginning  of  the  present  century,  a  boat  was  fitted  up 
for  the  purpose  of  removing  shoals  in  this  river.  A  machine 
of  this  description  is  still  used  for  clearing  out  the  mud  which 
accumulates  in  the  river  between  Sandwich  and  the  sea,  a 
distance  of  12  miles.  One  or  more  baizes  are  fitted  with  a 
central  and  two  wing  dams,  the  whole  covering  the  entire  width 
of  the  channel.  These  dams  are  attached  to  frames,  and  are 
raised  and  lowered  by  chains  actuated  by  winches  on  the  deck. 
Where  the  ground  is  hard,  they  are  fitted  with  spikes  or  scrapers 
on  the  bottom.  When  the  dam  is  lowered,  a  head  of  from 
6  to  12  inches  accumulates  at  the  stem,  and  this  is  sufiicient  to 
drive  the  boat  slowly  forward,  and  the  mud  and  silt,  being 
loosened  by  the  cutter,  is  scoured  out  and  carried  away  by 
the  current.  The  boat  never  attains  a  greater  speed  than 
3  miles  an  hour,  and  it  takes  from  5  to  6  days  to  clean  out 
5  miles  of  the  river. 

In  the  Oaronne  a  somewhat  similar  contrivance  was  used  for 
deepening  the  river. 

The  Kingston  floating  scouring  dam,  constructed  on  a  similar 
principle,  has  ako  been  used  in  scouring  out  the  tidal  outfalls  of 
the  drains  emptying  into  the  river  Welland,  and  the  entrances 
to  the  tidal  and  coast  canals  at  Balasore  and  other  places  in 
India. 

Another  eroding  process  is  that  of  forcing  air  or  water 
amongst  the  sand  or  mud  to  be  removed,  and  even  clay  may  be 
operated  on  in  this  manner  by  directing  a  powerful  jet  of  water 
on  to  it.  At  a  trial  recently  made  at  the  mouth  of  the  river 
Arun,  near  Littlehampton,  it  was  stated  that  very  successful 
results  were  obtained,  and  even  stiff  clay  removed  to  a  depth  of 
5  feet,  by  means  of  a  jet  of  water  driven  through  a  4-inch  flexible 
pipe  having  a  1  J-inch  nozzle,  the  water  being  forced  through  the 
pipe  by  a  pair  of  horizontal  direct-acting  7.J-inch  pumps,  having 
a  14-inch  steam  cylinder,  with  steam  pressure  in  the  boiler  of 
60  lbs.    The  apparatus  was  fixed  in  a  tug. 
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The  removal  of  deposit  from  a  reservoir  in  Algeria  was 
effected  by  forcing  air  through  a  pipe  into  the  sediment  by 
a  12-H.P.  engine,  and  thus  mixing  the  deposit,  which  had 
accumulated  to  a  depth,  at  the  lower  end,  of  24  feet,  with 
the  water,  and  allowing  it  to  run  off  down  the  bye-pass. 
As  the  mud  lowered  near  the  dam,  that  from  the  upper  part 
flowed  down.  The  water  became  muddy  for  a  distance  of 
110  feet  round  the  pipe. 

The  screws  of  steamers  have  also  been  used  successfully  for 
eroding  and  disturbing  material. 

Revolving  cylinders,  with  spikes  suspended  from  frames  at  the 
bow  and  stern  of  a  barge,  have  been  used.  The  cylinder,  termed 
"  a  hedgehog,"  is  allowed  to  rest  on  the  bottom  of  the  channel, 
and,  as  the  boat  is  drawn  along  either  by  horses  or  by  a  wire 
rope  coiling  on  a  drum  driven  by  an  engine  on  the  boat,  it 
revolves,  the  spikes  eroding  and  churning  up  the  bottom,  and 
tearing  up  the  weeds.  A  machine  of  this  description  has  been 
successfully  used  in  deepening  the  tidal  river  Welland.  The 
material  disturbed  in  this  case  consisted  of  alluvial  deposit,  and 
had  to  be  carried  in  suspension  14  miles  before  it  reached  the 
estuary.  The  velocity  of  the  current  varied  from  2|  to  3  feet  a 
second,  and  no  deposit  in  the  channel  occurred. 

For  the  deepening  of  the  Upper  Mississippi,  Ohio,  and  other 
rivers  in  America,  it  was  determined  some  years  ago  to  effect 
this  by  digging  or  stirring  up  the  material  so  that  the  current 
might  work  the  shoals  into  the  deeper  places.  Numerous 
schemes  were  submitted  to  the  commission  appointed  by  the 
Government,  of  which  the  following  is  a  brief  description:  A 
steamboat  with  two  large  screws  fixed  obliquely  on  each  side  of 
the  bow;  these,  when  working,  were  to  draw  the  boat  along 
through  the  water  and  throw  the  material  on  each  side.  A 
steamboat  with  two  endless  screws  placed  on  an  horizontal  axis 
at  the  end  of  the  boat,  and  so  arranged  as  to  lower  into  the 
shoal  places.  A  modification  of  this  plan  was  also  proposed  by 
substituting  saw  teeth  in  the  shaft  instead  of  the  screws.  A 
wheel  placed  between  twin  boats  and  turned  by  the  action  of 
the  stream,  the  boats  being  moored ;  a  temporary  wing  dam  was 
to  be  fixed  above  the  wheel  to  increase  the  action  of  the 
current;  small  ploughs  or  harrow  teeth  were  to  be  fixed  on 
the  arms  of  the  wheel,  which  was  made  adjustable  to  the  depth. 
A  boat,  with  double-acting  steam-pumps,  which  were  to  force 


248  TIDAL  RIVERS. 

water  through  a  set  of  28  nozzles,  3-inch  diameter,  on  to  the 
shoals.  A  drum  attached  to  the  stem  of  a  steamer  in  lieu  of 
the  ordinary  stem  wheel;  the  drum  was  to  have  scrapers 
attached  to  the  convex  side  in  spiral  lines  leading  outwards. 
Four  scrapers  made  of  boiler  plate  fastened  in  a  triangular 
frame,  suspended  from  the  stem  of  a  steamer ;  the  frame  had 
a  16-feet  base,  and  weighed  altogether  2$  tons,  and  the  scrapers 
were  something  in  the  form  of  the  buckets  of  a  dredger ;  two 
engines  were  required  to  work  this  machine,  which  had  cylinders 
20  inches  diameter,  with  7-feet  sti-oka  This  machine  was  the 
one  selected  by  the  commission,  and  was  set  to  work  on  the 
upper  part  of  the  Mississippi,  on  the  Ohio  and  Missouri.  By  its 
use  the  former  river  between  St.  Paul  to  La  Crosse  was  deepened 
from  2  feet  to  4  feet. 

In  the  Columbia  river  in  America,  to  remove  the  shoals 
which  impeded  the  navigation,  the  screw  of  a  propeller  of  a 
large  ocean  steamer  was  used,  which  generated  a  current 
sufficiently  strong  to  erode  a  channeL  By  this  means,  a  channel 
1200  feet  long,  2  feet  wide,  and  6  feet  deep,  was  cut  in  3  days ; 
and  on  a  subsequent  occasion,  a  channel  1600  feet  long,  150  feet 
wide,  by  10  feet  deep,  in  8  days.  The  material  moved  was 
heavy  sand.  The  method  of  working  was  by  backing  the 
steamer  to  the  shoal,  and  mooring  her  by  the  bow  to  an  anchor 
up  stream  and  to  anchors  on  each  quarter.  The  vessel  being 
trimmed  by  the  stem  just  to  clear  the  bed  of  the  river,  the 
engines  were  started  full  speed  a-head.  The  generated  current, 
being  driven  away  from  the  ship,  carried  the  material  with  it. 
As  the  cut  proceeded,  the  vessel  was  slewed  from  side  to  side  by 
her  rudder,  and  as  soon  as  a  trench  was  cut  across  the  full  width 
of  the  channel  she  was  floated  down  about  25  feet  into  position 
for  a  fresh  cut.  It  was  estimated  that  the  stream  immediately 
astern  of  the  ship  had  a  velocity  of  from  12  to  14  miles  an  hour ; 
at  a  quarter  of  a  mile  afb,  a  speed  of  3  to  5  miles.  The  stream 
carried  the  bulk  of  the  eroded  material  across  the  bar  into  deep 
water,  while  a  small  portion  was  thrown  up  as  a  bank  on  the 
side  of  the  channel  towards  which  the  propeller  turned.  The 
bottom  of  the  eroded  channel  was  seven  feet  below  the  propeller, 
and  it  was  proved  that  an  ordinary  steamer  could  by  this  means 
sluice  out  a  channel  deeper  than  her  own  draught  requires. 

During  the  construction  of  the  new  channel  of  the  river  from 
Rotterdam  to  the  sea,  a  boat  was  used  fitted  on  each  side  with 
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a  screw  propeller,  3  feet  6  inches  in  diameter,  which  could  be 
raised  or  lowered  by  gearing  on  the  deck.  The  screws  were 
adjusted  so  as  nearly  to  touch  the  shoals,  and  as  the  boat  moved 
these  were  caused  to  revolve  at  the  rate  of  150  revolutions  per 
minute.  By  the  aid  of  this  machine  shoals  of  sand  were  moved 
at  the  rate  of  130  cubic  yards  an  hour,  and  clay  mixed  with 
sand  at  the  rate  of  116  cubic  yards.  The  machine  was  afterwards 
converted  into  a  suction  dredger,  having  a  centrifugal  pump 
with  a  two-bladed  fan,  4  feet  6  inches  in  diameter,  by  which 
sand  was  pumped  up  and  discharged  into  the  river  on  the 
ebb  tide. 

At  Tilbury  Docks  the  tide  from  the  Thames  enters  the  tidal 
basin  through  the  piers  at  the  entrance  with  considerable 
velocity,  bringing  with  it  a  large  quantity  of  mud  in  suspension, 
which  is  deposited  in  the  slack  water.  To  remove  this,  four 
large  dredgers  were  formerly  used,  the  weekly  cost  amounting 
to  about  £1000.  Subsequently  this  deposit  has  been  removed 
by  the  use  of  a  steam-tug,  provided  with  pumps  attiached  to  an 
iron  tube  trailing  in  the  mud  on  the  bottom  of  the  basin  by 
indiarubber  pipes.  Water  is  forced  through  the  tube  into  the 
mud,  which  is  thus  stirred  up  and  kept  in  suspension,  and  flows 
out  with  the  ebb  tide.  The  weekly  cost  has  by  this  means  been 
reduced  to  £27.  A  fuU  description  of  this  apparatus  will  be 
found  in  The  Engineer  of  August  16,  1889. 

The  same  process  was  tried  at  Swansea  for  the  purpose  of 
keeping  the  entrance  up  to  the  docks  clear  from  deposit,  but  in 
this  case  the  material  to  be  removed  consisted  of  silt  and  sand, 
which  did  not  remain  in  suspension  long  enough  for  the  current 
to  carry  it  away  to  a  sufficient  distance. 

The  most  complete  machine  used  for  deepening  channels 
by  erosion  is  Wheeler's  Eroder  Dredger.  The  eroder  consists 
of  a  cone-shaped  cutter  4  feet  in  diameter  at  its  widest  part, 
having  a  number  of  blades  fixed  on  the  periphery.  This  cutter 
is  fixed  on  a  steel  shaft  working  in  a  frame,  which  can  be 
raised  or  lowered  through  a  w^ell  in  the  boat,  and  is  driven  at 
a  speed  of  a  hundred  revolutions  a  minute. 

An  Eroder  Dredger,  built  of  steel,  for  the  Boston  Harbour 
Commissioners,  by  Messrs.  Scott  and  Co.  of  Goole,  under  the 
author's  directions,  was  46  feet  long,  13  feet  beam,  and  6  feet 
deep.  It  was  provided  with  a  well  forward,  in  which  the  frame 
carrying  the  shaft  of  the  cutter  worked.    The  cutter  was  driven 
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by  a  pair  of  compound  engines  of  35  IH.P.,  these  engines 
also  being  used  for  raising  and  lowering  the  frame,  working 
the  winches,  and  also  the  sci-ew  for  propelling  the  boat.  A 
5-cwt.  Priestman  grab  was  fitted  on  the  deck  for  use  when  the 
eroder  was  not  working;  this  was  worked  by  an  independent 
engine.  The  cost  of  this  machine  complete  was  £1450.  An 
Eroder  Dredger  of  similar  construction,  but  without  the  grab, 
built  for  the  author  by  the  same  firm,  cost  £1060.  These 
machines  are  capable  of  eroding  and  disturbing  either  warp  or 
hard  clay.  The  cutter,  revolving  rapidly,  disintegrates  the 
material  to  be  acted  on,  and  the  rapid  revolution  of  the  blades 
causes  a  strong  centrifugal  current  in  the  vicinity.  The  peculiar 
form  given  to  the  cutter  allows  it,  as  the  boat  is  warped  forward, 
to  keep  cutting  away  the  material  and  detaching  small  pieces, 
which  are  whirled  round  and  rubbed  against  the  fiwa  The 
detached  material  is  thus  so  rubbed  together  and  churned  that 
the  particles  become  completely  disintegrated  and  reduced  to 
a  size  sufiiciently  fine  to  float  and  be  carried  away  by  the 
current  in  suspension.  The  machine  thus  automatically  adjusts 
the  size  of  the  particles  to  the  strength  of  the  current  Shoals 
of  soft  material  can  be  removed  by  this  machine  at  a  total  cost 
of  less  than  a  penny  a  cubic  yard,  and  of  hard  material  at  a 
cost  varying  from  this  to  twopence,  according  to  the  compact- 
ness of  the  material.  The  efficiency  of  the  machine  depends  to 
a  great  extent  on  the  form  of  the  cutter. 

Cost  of  Dredging. — The  following  examples  of  dredging  have 
been  selected  as  ranging  over  a  wide  number  of  typical  cases. 
From  these  it  will  be  seen  that  material  raised  and  transported 
by  hopper  dredgers  costs  less  than  when  raised  by  stationary 
machines,  and  that  suction  dredgers  afford  the  most  economical 
means  of  raising  material. 

The  Clyde, — About  a  million  and  a  half  cubic  yards  are 
dredged  annually  out  of  this  river,  at  a  cost,  for  1890,  of  £38,667. 
or  about  6*06rf.  per  cubic  yard,  or  say  4-60d!.  per  ton,  of  which 
£13,054  was  for  maintenance  of  the  channel  at  its  normal  depth, 
and  £24,713  on  account  of  improvements. 

Between  1845  and  1890,  35,205,242  cubic  yards  were  dredged. 
The  plant  used  by  the  Tnist  consists  of  two  double-ladder 
dredgers,  capable  of  dredging  to  28^  and  32  feet ;  three  single 
dredgers,  capable  of  dredging  to  33  feet ;  a  floating  steam  digger, 
fitted  with  10-ton  crane ;  eighteen  steam  hopper  barges,  besides 
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a  number  of  other  boats  and  appliances  Recently  there  has 
been  added  to  the  fleet  a  new  bucket  single-ladder  dredger  of 
750  LH.P.,  capable  of  raising  600  tons  an  hour  from  a  depth  of 
40  feet,  and  two  large  steam  hopper  barges. 

The  average  cost  of  dredging  sand,  mud,  and  clay  from  Port 
Glasgow  and  Bowling  harbour  and  conveying  it  27  miles  to 
Loch  Long  in  1871-72,  as  given  by  Mr.  Deas  in  his  paper 
{livn,,  Proc.  LC.E.,  vol.  xxxvi.),  was  for — 


Dredging 
Gonveyiog 


Pence  per  enblo 
7Anl. 

...    245 

...    4-28 

Eqimlto 
per  ton. 

1*86 

8*25 

Total        ...    673  5-11 


For  hard  till  and  clay  from  Erskine  Ferry,  North  Bar,  and 
Elderslie  Rock,  and  conveying  to  the  same  place — 

Pence  per  cubic  Equal  to 

yard.  per  ton. 

Dredging  1888  1054 

Conveying  ...  ...  ...      13-82  10*50 

Total        ...      27-70  21-04 

In  the  year  1802,  the  total  quantity  dredged  amounted  to 
1,598,984  cubic  yards.  Of  this,  651,648  cubic  yards  were  taken 
from  the  excavations  for  the  Cessnock  Docks.  One  of  the 
dredgers  raised  646,080  cubic  yards,  the  engines  working 
341 7i  hours,  equal  to  189  cubic  yards  per  hour. 

For  dredging  in  the  lower  part  of  the  Clyde  at  Greenock, 
Mr.  Stevenson  gives  the  cost  of  dredging  and  conveying  soft 
material  7  miles  to  Loch  Long  as — 

Pence  per  cubic  Equal  to 

yard.  per  ton. 

Dredging  2M  2*06 

Gonyeying  ...  ...  ...    247  2-00 

Total        ...    501  406 

The  work  was  done  with  a  single-bucket  ladder,  capable  of 
lifting  500  tons  an  hour,  and  three  screw  hoppers. 

For  removing  a  patch  of  stiff  clay  and  boulders  at  Garvel 
Point  the  cost  was  18*03(2. 

Li  1892  the  quantity  dredged  was  188,875  tons,  the  quantity 
in  the  previous  year  being  478,000  tons.  The  recent  dredging 
has  been  amongst  a  bed  of  hard  clay  and  boulders  near  Port 
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Glasgow,  some  of  the  stones  weighing  from  6  to  6  tons. 
Altogether  in  one  year  155  of  these  large  stones  were  raised, 
weighing  altogether  981  tons. 

The  Tyne. — The  quantity  of  material  removed  out  of  this 
river  between  1838  and  1890  was  87  million  tons.  In  one  year 
the  quantity  dredged  was  3,591,947  tons.  The  average  cost  of 
dredging  and  conveying  this  to  sea  in  hoppers  was  1*85(2.  for 
dredging,  and  l-54d.  for  transport ;  a  total  of  3*39(2.,  including  re- 
pairs, but  not  interest  on  outlay  or  depreciation.  For  stiff  clay 
and  boidders  the  cost  was  6  34(2.,  and  sand  2*35(2.,  conveyed 
6  miles.  Mr.  Messent  estimates  that  repairs  cost  ^y  coals  ^, 
wages,  stores,  eta,  -j*^,  of  the  total  cost  Where  rock  had  to  be 
blasted,  the  prices  were — 

Pence  per  ton. 
Blasting  ...  ...  ...  ...      1«60 

Dredging  ...  ...  ...  ...      6*21 

Ck>Qveying         ...  ...  ...  ...      3-60 

Total        ...    11-41 

The  above  prices  include  repairs,  but  not  interest  or  depreciation. 
In  1889,  2,090,814  tons  of  material  were  removed  at  a  cost 
of  359(2.  per  ton.    The  cost  was  divided  as  follows : — 

Wages 

Goal  and  coaling 

Bepairs 

Stores 

Watching 

Total        ...    100  100  100 

The  plant  consists  of  5  double-ladder  dredgers,  dredging  from 
29  to  36  feet ;  1  single-ladder  dredger ;  8  steam-tugs ;  47  wooden 
hopper  barges;  10  screw  steam  hoppers.  From  1858  to  1890 
£300,000  was  spent  in  dredging-plant,  and  £1,557,036  on 
dredging. 

The  Teca.— Between  1854  and  1889,  24 J  millions  of  tons  were 
removed,  and  upwards  of  £400,000  was  expended  in  dredging 
and  the  necessary  plant.  In  1889, 1,003,130  tons  were  dredged, 
at  a  cost  of  £18,812,  equal  to  about  4*50(2.  per  ton.  The  plant 
consists  of  4  double-ladder  dredgers ;  a  Priestman  grab ;  8  steam- 
tugs  ;  36  hopper  barges,  and  other  appliances,  the  total  value 
being  estimated  at  £114,000. 

In  a  paper  in  the  Proceedings  of  the  Inetitviion  of  CivU 


Dredgers. 

Hopper  barges. 

ToUL 

28% 

48 

38 
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EngiTieera,  Mr.  Fowler  gave  the  cost  of  dredging  18,557,820  tons 
up  to  the  end  of  1885  as  £387,536,  of  which  £138,036  was  for 
plant,  and  £249,500  for  dredging  and  conveying  to  sea.  The 
particulars  of  working  two  of  the  dredgers  in  removing  1,368,000 
tons  are  as  follows : — 

Wages,  store?,  and  maintenuice    ...  ...    1-670 

Goal  ...  ...  ...  ...    0'120 

Bepairs  ...  ...  ...  ...    0*614 


Total        ...    2-404 

The  material  removed  was  principally  sand,  which  was  trans- 
ported to  the  sea. 

The  cost  of  blasting,  dredging,  and  removing  124,000  cubic 
yards  of  oolite  rock  was  £26,781,  equal  to  4*32^.  a  cubic  yard. 
This  same  rock  has  since  been  removed  by  the  dredger  by  means 
of  steel  daws  fixed  on  the  bucket-chain. 

Hartlepool, — 4,635,845  tons  have  been  removed  during  21 
years  up  to  1891,  or  about  270,000  tons  a  year.  The  average 
cost  of  lifting  and  transporting  has  been  2773(2.  per  ton.  In 
1891,  200,660  tons  were  dredged  at  a  cost  of  £2605,  or  Slid!, 
per  ton,  the  average  cost  for  1890  being  3'386d.  In  1892  the 
average  cost  was  7d.  per  ton. 

Belfast  Lough. — For  cutting  a  deep-sea  channel  through  the 
sand  and  clay-banks  for  the  navigation  of  the  outfall  of  the 
river  Lurgan,  two  twin-screw  hopper  dredgers,  having  engines 
of  1000  I.BLP.,  of  a  capacity  of  800  tons,  were  employed,  each 
capable  of  lifting  500  tons  an  hour,  and  of  working  to  a  depth 
of  30  feet.  The  dredgers  commenced  work  in  1885,  and  during 
the  greater  part  of  the  time  worked  night  and  day  by  the 
aid  of  the  electric  light.  The  distance  of  transport  was  10  miles. 
The  quantity  raised  and  carried  to  sea  was  5,474,424  tons.  The 
average  cost  for  wages,  coal,  stores,  and  repairs  is  given  as 
2*17<i.  per  ton,  the  interest  and  depreciation  being  estimated 
at  l'2od.  The  total  time  of  working  was  55 j^  months;  the 
average  weekly  tonnage  dredged  and  deposited  by  each  machine 
was  12,330  tons.  About  one  ton  of  coal  was  used  in  the  removal 
of  404  tons  of  clay  and  sand.  The  ordinary  number  of  engine- 
hours  run  a  day  was  21  j^,  but  the  average  for  the  6  days,  19f 
hoiurs.  Four  journeys  were  made  in  a  day,  the  dredging  occupy- 
ing 1^  hour  and  the  transport  3^  hours.  Some  of  the  material 
dredged  out  of  the  river  channel  has  been  deposited  on  to  the 
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slob  lands  at  the  side  from  scows  by  hand-labour,  and  this  cost 
\8,  lid,  per  ton.  It  is,  however,  now  intended  to  deposit  this 
material  in  a  much  more  economical  manner. 

Blyth. — A  hopper  dredger  of  800  tons  capacity,  working  at 
Blyth,  raised  in  531  hours  153,243  tons.  The  steamlng-time 
was  210j^  hours,  the  material  being  conveyed  two  miles  to  sea. 
The  cost  per  ton  is  given  by  Mr.  Sandeman  as  l'03cZ.  per  ton  for 
wages  and  stores,  but  exclusive  of  hire  and  repairs. 

Carlingford  Lough, — In  dredging  the  bar  away  here,  the 
operations  were  considerably  delayed  owing  to  the  roughness 
of  the  sea.  Dredging  could  seldom  be  carried  on  when  the  wind 
blew  from  the  southern  half  of  the  compass.  In  1871  the 
dredger  was  only  able  to  work  on  67  days,  and  in  1873  on 
131  days,  and  on  many  of  these  days  only  for  from  two  to  three 
hours.  The  material  removed  was  plastic  blue  clay,  with  shingle 
and  boulders  up  to  4  tons  weight.  The  rise  of  tide  in  the  Lough 
was  about  16  feet,  and  the  new  channel  was  excavated  so  as  to 
give  18  feet  at  low  water.  The  dredgers  were  twin-screw,  with 
engines  of  60  N.H.P.,  capable  of  raising  150  tons  an  hour. 
There  was  one  steam  hopper  barge  of  180  tons,  and  two  hoppers 
without  steam,  and  a  tug.  The  dredger  was  so  constructed  as 
to  be  able  to  lie  at  anchor  on  the  bar  in  rough  weather.  The 
average  amount  raised  in  one  day's  work  was  850  tons.  The 
cost,  including  insurance,  was  l8.  5dL  per  ton,  of  which  ^  was 
for  dredging,  and  ^-  transport.  It  took  one  ton  of  coal  to 
120  tons  of  material.  The  lowest  contract  that  could  be  obtained 
for  this  work  was  38.  per  ton. 

Aberdeen. — ^The  cost  of  dredging,  and  discharging  one  mile 
from  the  pier-heads,  three  million  tons  of  clay,  boulders,  gravel, 
and  sand  during  the  years  1867-80  is  given  by  Mr.  Smith  as 
averaging  5'86d.  per  ton,  including  wages,  coal,  stores,  and 
repairs.  Interest  is  estimated  at  l'50c2.  Assuming  one  ton  to 
equal  18  feet  of  solid  ground  or  of  excavation,  this  is  equal  to 
ll^d.  per  cubic  yard,  measured  in  situ.  The  quantity  of  stones 
lifted  amounted  to  17,000  tons.  Four  single-ladder  bucket 
dredgers  are  in  use,  and  eight  hopper  barges.  In  1892,  206,270 
tons  of  silt  were  raised,  at  a  cost  of  5d  per  ton,  and  624  tons 
of  boulders  at  88.  5d.  per  ton. 

Ayr. — ^With  a  hopper  dredger  having  a  capacity  of  500  tons, 
the  cost  per  ton  of  dredging  and  conveying  3  miles  78,194  tons 
of  material,  consisting  of  four-fifths  clay  and  boulders,  one-fifth 
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sand  and  silt»  was  0'940c2.  per  ton,  exclusive  of  repairs.  Wages 
were  0708d.;  coal,  0147d.;  stores  and  oU,  0-090.  The  vessel 
required  ten  hands  to  work  her.  The  time  occupied  in  the  work 
was — 


TiBDBport  ... 

Bepain,etc. 

Goftling 

Detention  from  weather 

Other  deten  tioDfl 


73-47 
402 
2G8 

10-39 
9-44 

Total    ...  10000 


The  cost  of  dredging  the  same  material  by  a  stationary 
dredger  was  4'897c{.  per  ton. 

Wich. — The  removal  130,000  cubic  yards  of  clay  and  boulders 
from  Wick  harbour  cost  £17,355,  or  at  the  rate  of  2^.  9d.  per 
cubic  yard. 

Svxiriaea, — The  cost  given  by  Mr.  Capper  of  dredging  a  new 
channel  from  the  estuary  to  Swansea  Dock,  the  material  consist- 
ing of  mud,  clay,  and  gravel,  was  for  336,768  tons,  removed 
with  a  dredger  and  hopper  hired  from  the  Tyne  Commissioners — 


Cost  of  bringing  and  returning  dredger 
Hire  of  plant 
Working    ... 
Towing 

JVolNUTo  ...  ...  ... 


and  hopper 


Total 


Pence  per  ton. 
8-71 
3-20 
1-93 
0-93 
0-68 


10*45 


Subsequently,  with  a  double-ladder  dredger  capable  of  lifting 
900  tons  an  hour,  purchased  at  a  cost  of  £27,500,  with  hoppers 
costing  £2100  each,  the  dredging  and  conveying  cost  2'525d, 
per  ton,  exclusive  of  interest  or  depreciation.  The  percentage 
of  time  occupied  in  the  work  was — 


JtepauB       ...  ...  ... 

Coaliu;;  and  delays  from  traffic^  etc. 
Bad  weather 
Dredging    ...  ... 


Total 


16-36 
1736 
16-50 
4978 

10000 


Boston  Haven, — The  bed  of  the  river  Witham,  which  passes 
through  the  harbour  of  Boston,  consists  of  hard  boulder  clay, 
overlaid  in  places  by  softer  brick  clay.  The  lowest  tender  which 
could  be  obtained  for  deepening  tlie  bed  of  this  channel  3  feet 
over  a  distance  of  about  3  miles,  was  28.  6d.  per  cubic  yard 
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measured  in  situ,  equal  to  about  Is,  8d.  per  ton.  In  this  case 
the  contractor  had  to  bring  the  dredger  to  the  river  from  a 
distance,  and  the  quantity  to  be  removed  was  comparatively 
small.  The  distance  the  material  had  to  be  conveyed  to  the 
estuary  was  6  miles.  Subsequently  the  same  channel  was  deepened 
from  1  foot  6  inches  to  2  feet  by  an  Eroder  Dredger,  at  a  cost 
varying  from  l*26d  to  2'97d.  per  ton,  according  to  the  hardness 
of  the  material,  the  current  itself  transporting  the  material  away. 
By  the  same  means,  shoals  of  alluvial  matter,  which  had  ac- 
cumulated in  the  river  and  at  the  approach  to  Boston  Dock, 
were  removed  at  a  cost  of  from  0*75(2.  to  0'94d.  per  ton,  the 
price  previously  paid  for  the  work  done  by  contract  being 
Is.  6d,  per  ton.  In  a  report  presented  to  the  commissioners  it  was 
shown  that  the  saving  in  two  years  on  removing  37,434  tons 
of  material  from  the  shoals  and  from  the  bed  of  the  river,  as 
compared  with  the  cost  of  removal  at  the  previous  contract 
prices,  had  been  £2370,  the  average  cost,  including  hard  clay 
and  alluvial  matter,  being  2'38d  per  ton,  the  total  outlay  on 
the  machine,  including  a  Priestman  grab,  having  been  £1547. 

Lowestoft. — The  dredger  used  by  Mr.  Langley  here  was  60  feet 
long  by  20  feet  beam.  The  suction-pipe  was  12  inches  diameter 
and  25  feet  long,  made  of  indiarubber,  strengthened  by  coiled 
wire  inside.  A  derrick  supported  the  flexible  tube,  and  raised  and 
lowered  it.  The  pump,  the  fan  of  which  was  2  feet  in  diameter, 
raised  on  an  average  200  tons  of  sand,  gravel,  and  stones  per 
hour,  working  in  a  depth  of  25  feet,  the  maximum  quantity 
being  400  tons.  Occasionally  large  stones  and  iron  bucket-pins 
over  3  lbs.  in  weight  were  sucked  up.  The  cost  of  the  dredger  was 
£2000 ;  and  of  raising  the  material  and  conveying  2  miles  to  sea 
2d.  per  ton,  the  quantity  raised  being  about  200,000  tons  a  year. 

The  Mersey. — ^A  hopper  dredger,  employed  under  the  direction 
of  Mr.  G.  F.  Lyster  for  the  Mersey  Docks  and  Harbour  Board, 
fitted  with  four  grab  buckets,  and  having  hopper  capacity 
of  900  tons,  raised  from  the  docks  and  delivered  the  material 
8  miles  to  sea  at  a  cost  of  l'7Sd.  per  ton,  of  which  0*81d.  was 
for  wages,  O'Sld.  for  coal  and  stores,  0'66d.  for  repairs.  For 
deepening  the  bar  of  the  Mersey,  two  steam  hopper  suction- 
dredgers  of  500  tons  capacity,  fitted  with  centrifugal  pump  and 
suction-pipes,  have  been  used.  Up  to  the  spring  of  1892, 
860,000  tons  of  sand  had  been  removed  by  this  means.  The 
dredgers  removed  on  an  average  each  300  tons  an  hour,  in- 
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eluding  the  time  occupied  in  transport.  The  experiment  having 
proved  thoroughly  successful,  the  Board  have  had  built  for  them, 
by  the  Barrow  Naval  Construction  Company,  a  twin-screw 
hopper  suction-dredger  capable  of  holding  3000  tons.  The 
length  is  320  feet ;  beam,  46  feet  10  inches ;  depth,  20  feet  6  inches. 
The  vessel  is  divided  in  eight  hoppers,  a  well  being  formed  in 
the  middle  for  the  working  of  the  suction-tubes,  which  are  3  feet 
6  inches  in  diameter,  and  can  be  lowered  to  a  depth  of  45  feet. 
There  are  two  centrifugal  pumps  3  feet  in  diameter,  capable  of 
raising  4000  tons  an  hour,  driven  by  two  sets  of  triple  expansion 
engines.  The  engines  are  capable  of  filling  the  hoppers  and 
taking  the  vessel  to  the  place  of  deposit  and  back  again  in  an  hour. 

Q;weenAanA, — In  an  official  report  of  the  Engineers  of  the 
Harbours  and  Rivers  in  Queensland,  the  cost  of  raising  6^ 
million  cubic  yards  by  dredgers  in  12  years,  averaged  7*61d  per 
cubic  yard,  say  5705.  per  ton*  The  price  varied  very  consider- 
ably according  to  the  quality  of  the  material  and  the  distance 
to  which  the  spoil  had  to  be  carried.  The  lowest  cost  was 
3*49c2.  per  cubic  yard  at  Cairns.  In  the  narrows  at  Gladstone 
the  cost  was  27*83d.  per  cubic  yard,  the  material  being  of  an 
extremely  hard  and  obstinate  nature. 

New  SoiUh  Wales. — A  report  made  by  Mr.  C.  W.  Darley,  the 
engineer-in-chief  of  the  rivers  and  harbours,  to  the  Legidative 
Assembly,  as  to  the  dredging  operations  carried  on  in  1889  and 
1890,  states  that  the  plant  used  then  consisted  of  14  single  and 
double  ladder  bucket  dredgers  capable  of  dredging  at  depths 
varying  from  35  feet,  17  steam-tugs,  2  steam  hopper  barges,  2 
sand-pump  dredgers,  and  18  Priestman  grabs.  In  addition  to 
which  there  has  since  been  added  to  the  fleet  a  twin-screw 
double  sand-pump  hopper  dredger  capable  of  carrying  500  tons, 
which  had  been  made  by  Messrs.  Simons  and  Co.  of  Renfrew, 
and  additional  suction-dredgers. 

The  total  quantity  raised  by  the  bucket-ladder  dredgers  in 
the  two  years  was  6,663,942  tons,  the  cost  being  as  follows : — 


Vv  ft^GB         .  •  •  ... 

Repairs 

Stores  and  inoidentals 

Dredging ... 
Towing    ... 


Total 


Peace  per  ton. 
.     3*2119 
.    04420 
.    0-9515 
.    0-4596 


5*0650 
1*8230 

6^0^ 
8 
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The  distance  the  material  had  to  be  conveyed  is  not  given,  but 
the  greater  part  of  it  had  to  be  oirried  out  to  sea.  The  dredgers 
were  employed  at  Sydney,  Newcastle,  The  Manning,  Richmond, 
Hunter,  Clarence,  Bellinger,  and  other  rivers.  The  smallest 
cost  of  dredging  only  was  2199  for  sand  and  mud  raised  at 
Newcastle,  and  the  highest  26*823  for  dredging  sand  in  the 
Clarence  river,  wages  amounting  to  13*828,  and  repairs  8*121, 
and  coal  1*612.  The  average  cost  of  the  working  of  fourteen 
Priestman  grab  dredgers  in  liaising  571,139  tons  of  sand,  gravel, 
and  clay,  was  7*3745(2.  per  ton ;  the  maximum  average  of  any 
one  grab  being  14*385cl.,  and  the  minimum  3'017ci!.  The  cost 
of  working  five  grabs  employed  in  lifting  131,790  tons,  consist- 
ing principally  of  the  dSbris  rock  blasted,  many  of  the  pieces 
weighing  from  3  to  4  tons,  was  ll'529d  per  ton.  The  maximum 
of  any  one  grab  was  16*087c2.,  and  the  minimum  8'181c{.  per  ton. 
The  cost  of  raising  and  conveying  on  to  the  land  837,000  tons 
of  sand  and  silt  was  as  follows : — 

Pence  per  toD. 
yyAQ&s       *.*  *■•  ...  ,,.  ,,,  ...    i*j9av 

Coal  ...  ...  ...  ...  ...  ...    0<2669 

fiepaire     ...  ...  ...  ...  ...    0*4397 

Stores  and  inoidentaU  ...  ...  ...  ...    0*1820 


Total    ...    2-0806 

The  cost  of  the  coal  varied  from  6a.  2d.  per  ton  to  £1  Gs.  8d,, 
the  average  being  128.  4j^d  The  wages  of  the  engineers  varied 
from  iE12  to  £20  a  month ;  of  engine-drivers,  £10  to  £13 ;  fire- 
men, £9  to  £12 ;  and  other  men  in  proportion. 

American  Lake  Canals, — The  average  tenders  received 
recently  for  dredging  for  the  21-feet  channel  between  Duluth 
and  Chicago  and  Buffalo  were  as  follows :  For  380,000  cubic 
yards  of  sand,  gravel,  and  hard  pan  in  Little  Mud  Lake,  l8.  7d. ; 
for  950,000  yards  of  clay  and  sand  at  St  Clair  flats,  ll^d ;  for 
2,900,000  yards  of  day  and  sand  at  Grosse  Point,  1«.  2d ;  for 
1,086,000  yards  of  sand  and  gravel  at  the  mouth  of  the  Detroit,. 
l8.  6d, ;  and  for  90,366  yards  of  limestone  rock  at  Sailors'  En- 
campment, 148.  lOd  (the  lowest  tender  for  this  was  108.  Id 
per  yard). 

BiLhax), — ^In  the  improvement  of  the  harbour  here,  and 
dredging  a  channel  3280  feet  long  and  18  feet  below  low  water 
in  1876,  about  three-quarters  of  a  million  cubic  yards  of  sand 
and  mud  had  to  l>e  removed  and  raised  fix)m  the  barges  21  feet> 
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and  diachaiged  into  the  old  river  channel.  A  central-ladder 
dredger,  capable  of  raising  800  tons  a  day,  was  used,  and  the 
material  was  raised  irom  the  baiges  by  skeps  raised  and  lowered 
by  a  12-H.P.  portable  engine.  The  average  cost  per  cubic  yard, 
as  given  by  Mr.  Barron,  the  resident  engineer,  was — 

Dredging  and  flUing  barges     ...  ...  ...  ...    2*10 

Barging        ...  ...  ...  ...  ...  ...    1*61 

DiBclwffgi&g  baiges     ...  ...  ...  ...  ...    8*41 

712 

or  about  5'55ci{.  per  ton. 

Danvhe, — The  dredging  in  the  Sulina  channel,  the  material 
consisting  of  1,749,392  cubic  yards  of  day  and  sand,  cost,  with 
a  bucket  dredger  of  40  H.P.,  2'414c2.  for  dredging,  and  l*597c2. 
for  transporting  2  miles;  a  total  of  401  Id.,  equal  to  about  3<2. 
per  ton.  For  raising  and  removing  3,284,834  cubic  yards  with 
a  suction-pump,  the  average  cost  was  2'402c2.  per  cubic  yard, 
or  about  l-825d  per  ton. 

Riv&r  Weaer. — About  14  million  cubic  metres  have  been 
removed  since  the  improvement  works  commenced  in  1882,  the 
quantity  during  the  last  few  years  being  over  4  million  cubic 
metres  a  year.  The  dredging  is  carried  on  night  and  day  by 
aid  of  the  electric  light  for  ten  months  in  the  year,  being 
interrupted  during  the  rest  of  the  time  by  the  ice.  There  are 
employed:  6  bucket  dredgers  capable  of  raising  120  to  250 
cubic  metres  an  hour,  2  suction  dredgers,  3  chain  dredgers 
with  driving  machines  lifting  150  to  180  cubic  metres  an 
hour,  22  steam  hoppers,  5  tugs,  and  60  barges.  The  material 
is  deposited  by  the  hopper  barges  at  the  back  of  the  training 
walls  so  long  as  the  depth  of  the  water  will  allow  of  this 
being  done;  but  when  it  becomes  too  shallow,  the  material  is 
deposited  by  the  hoppers  at  the  side  of  the  channel,  and  raised 
by  buckets  and  chains  and  discharged  through  sheet-iron  tubes 
1*64  foot  diameter  over  the  walls,  the  average  distance  being 
1500  feet.  Water  is  dischazged  into  the  pipes  by  a  centrifugal 
pump  at  the  rate  of  9  of  water  to  1  of  material.  In  some  sases 
the  mud  is  raised  by  the  pumps  through  suction-pipes.  The 
cost  of  the  dredging  and  removal  by  the  transporting-machines 
on  to  the  land  is  029  marks  per  cubic  metre,  or,  including 
interest  on  outlay  and  depreciation  and  management,  0*45  marka 
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This  is  equal  to  about  3*50c2.  per  ton  for  tbe  dredging  and  deposit 
of  material,  and  2*8(k2.  for  interest  and  depreciation. 

Amx^terda'm  CavaL. — The  suction  dredgers  used  in  the  con- 
struction of  this  canal  had  centrifugal  pumps  4  feet  diameter, 
with  18-inch  suction  and  delivery  pipes,  the  pumps  running  at 
180  revolutions  a  minute.  The  pipes  were  fixed  between  guide 
timbers  fixed  to  the  end  of  the  vessel,  and  tackle  provided  for 
raising  and  lowering  them.  The  engines  were  worked  up  to 
about  55  H.P.,  and  \\  ton  of  coal  was  used  a  day.  The  cost 
of  the  vessel  and  pump  was  £5000.  Each  machine  raised  and 
delivered  about  1300  tons  of  sand  a  day  into  barges,  at  a  cost 
of  about  1^.  per  ton. 

Dwnkvrk, — The  dredging  in  the  sea  outside  the  jetties, 
amounting  to  over  600,000  cubic  yards  a  year,  is  effected  by 
screw-hopper  suction  dredgers.  This  work  was  formerly  let 
by  contract,  the  price  at  first  being  about  Is.  9d.  per  ton ;  this 
was  gradually  reduced  to  7'2Sd.  The  work  was  then  taken  in 
hand  by  the  authorities,  and  the  cost  reduced  to  l'46cZ.,  includ- 
ing everything  except  plant.  The  dredgers  used  were  sand- 
pump  hoppers,  having  a  suction-pipe  on  each  side  and  two 
pumps.  The  hopper  capacity  is  314^  cubic  yards.  The  pumps 
are  driven  by  engines  of  165  I.H.P.,  giving  120  revolutions  a 
minute  to  the  pump  and  106  to  the  screw.  The  vessel  can 
steam  six  knots  empty  and  five  loaded,  and  requires  a  crew  of 
eight  men.  The  pump  is  5  feet  1  inch  in  diameter,  and  dis- 
chai^es  11,000  gallons  a  minute.  The  mixture  pumped  contains 
4  to  10  per  cent,  of  sand,  which  settles  in  the  hoppers.  A  swell 
of  2  feet  does  not  stop  the  work.  The  cost  of  the  dredging  for 
wages,  coal,  and  repairs  is  1*03^.  per  cubic  yard,  and  for 
transport  3  miles,  0-426d ;  total,  1*456(2.  The  dredgers  cost  £5600 
each.  Dredging  in  the  basin  by  contract  with  bucket  dredgers, 
and  conveying  3i  miles,  cost  10*90cZ.  per  cubic  yard,  and  SOld. 
in  the  tidal  harbour.  The  difference  of  measurement  between 
the  material  in  aitn  and  when  measured  in  the  barges  varied 
from  25  to  45  per  cent.,  according  to  the  age  of  the  deposit. 
The  cost  of  pumping  up  sand  and  conveying  it  through  long 
floating  pipes  on  to  the  land  is  l\d,  per  ton. 

Ostend. — ^The  removal  of  325,000  cubic  yards  of  sand  in  the 
open  sea  off  the  coast  of  Belgium,  for  deepening  a  channel  across 
the  Stroom  bank  by  suction-hopper  dredgers,  cost  3*04d.  per 
cubic  yard,  or  say  2'18d.  per  ton. 
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Bovlogne. — The  dredging  outside  the  piers  here,  commenced 
in  1883,  was  let  by  contract.  Steam-hopper  dredgers  fitted  with 
pumps  and  suction-pipes  were  used  for  raising  the  sand  to  be 
removed.  The  distance  the  material  had  to  be  removed  was  two 
miles.  The  contract  price  varied  from  6^.  to  7id  a  cubic  yard 
measured  in  the  barges,  say  4*68  to  5-22(2.  per  ton.  The 
actual  cost  of  the  work,  exclusive  of  any  allowance  for  the  use 
of  the  dredgers,  was  3*34cZ.  per  cubic  yard,  equal  to  2'40c2. 
per  ton.  It  was  found  that  the  dredgers  could  continue 
working  when  the  head  waves  did  not  exceed  3  feet,  and  the 
cross- waves  half  this. 

In  the  harbour,  bucket-ladder  dredgers  discharging  into 
hopper  barges  were  used,  the  distance  the  material  was  conveyed 
being  two  miles.  The  contract  price  for  removing  mud  and 
sand  was  12'28c2.  per  cubic  yard  measured  in  the  barges; 
for  hard  Kimmeridge  clay,  32-38d;  for  rock  lying  in  shallow 
beds,  which  could  be  operated  on  by  the  buckets  of  the  dredger, 
70*40(2.  These  prices  may  be  taken  as  about  equal  to  9*21, 
24*60,  and  56*32d  per  ton.  It  was  considered  that  the 
work  could  have  been  done  at  less  cost  if  more  powerful 
machinery  had  been  employed. 

The  Severn. — In  the  works  recently  carried  out  for  improving 
this  river  below  Worcester,  under  the  direction  of  the  late  Mr. 
H.  J.  Martin,  about  12,000  cubic  yards  of  marl  rock  had  to  be 
removed.  This  was  eflTected  by  an  ordinary  bucket-ladder 
dredger,  having  steel  claws  on  the  bucket-chain,  one  pair  of 
claws  being  placed  between  each  two  pairs  of  buckets.  The  cost 
of  removing  the  rock  and  depositing  it  on  the  river-bank  cost  on 
an  average  Is,  3cZ.  per  cubic  yard,  say  11 '40(2.  per  ton.  This 
included  wages,  coal,  repairs,  and  all  other  expenses.  The  silt 
and  soft  material  cost  Qd,  per  cubic  yard,  or  4'32c2.  per  ton 
for  dredging  and  depositing. 

In  the  improvements  which  were  previously  carried  out  in 
this  river  by  Sir  W.  Cubitt  about  1842,  the  rock  was  removed 
by  blasting.  Holes  were  drilled  6  feet  apart  and  2  feet  below 
the  surface  to  be  dredged.  A  2^inch  iron  pipe  was  driven  into 
the  marl  a  few  inches,  and  the  holes  bored  by  jumpers  and 
augers  passing  through  it.  In  the  holes  cartridges  covered 
with  canvas  were  inserted  and  fired  by  a  Bickford  fuse.  The 
cost  was  4s.  per  cubic  yard  for  loosening  and  dredging. 

Sydney  Harbowr  Bloating. — For  removing  rock  under  water 
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at  these  works  in  1874,  an  account  of  which  is  given  in  ii  paper 
by  Mr.  Keeling  in  the  Frwi.  Ivst.  C.E.,  voL  xL,  gunpowder 
was  first  used,  and  subsequently  dynamite.  The  cost  with  the 
gunpowder  was  58.  6d.  per  cubic  yard,  and  with  dynamite  4s.« 
made  up  as  follows : — 

Removing  10  cubic  yards  of  marl  rock  and  hard  red  sand- 
stone 3  feet  in  thickness  and  12  feet  under  water 


£   9.  d. 

...  0    7  6 

...  0  10  10 

■  •«               ■••               •■.  U     3S  o 

...                .••                ...  U     U  9 

...               ...               ...  0  lu  O 

Interest  on  plant,  sharpening  toola,  etc        ...           ...           ...  0    3  4 

Total    ...  1  19  9 


Drilling  5  holes,  15  feet  ®  64. 
Dynamite,  5  lbs.  ®  2t.  2d. 
Five  detonators  and  wire  ®  6)d. 
Five  canvas  bags  ®  Id,    ... 
Dredging  10  cabic  yards  ®  1«.  Gd. 


The  holes  were  drilled  from  a  raft  40  feet  long  by  20  feet 
broad.  A  wrought-iron  pipe  was  carried  through  the  floor  of 
the  raft  until  it  rested  on  the  rock.  Within  the  pipe  a  jumper 
21  feet  long  and  1^  inch  diameter  was  inserted  to  bore  the  hole 
in  the  rock.  The  drill  was  2^  inches  in  breadth ;  the  jumper 
was  attached  to  the  end  of  a  beam  suspended  in  the  centre  from 
a  frame  fixed  on  the  pontoon.  One  man  held  the  jumpers  and 
two  men  worked  a  rope  attached  to  the  other  end  of  the  beam, 
by  which  action  the  jumper  was  alternately  raised  and  lowered. 
The  pipes  were  perforated  at  the  bottom,  which  allowed  the 
holes  to  be  bored  to  the  required  depth  without  the  aid  of  an 
auger  to  clean  them  out,  the  action  of  the  jumper  acting  as  a 
plunger  and  effecting  the  removal  of  the  pulverized  rock. 

The  dynamite  was  placed  in  a'calico  bag  9  inches  long  by 
2^  inches  in  diameter,  into  which  was  inserted  an  electric 
detonating  fuze.  The  charge  of  dynamite  was  wrapped  in  hay 
and  lowered  into  the  hole  through  the  pipe,  and  the  pipe 
removed.  Very  little  tamping  was  required,  the  12-feet  head  of 
water  being  nearly  sufiicient  in  itself.  The  fuse  was  exploded 
by  Siemen's  small  "  dynamo-electro  mine  exploder." 

Blyth  Harhov/r  Bloating, — Gunpowder  was  also  first  tried  by 
Mr.  Kidd  here  in  1884,  and  afterwards  abandoned  for  Nobel's 
blasting  dynamite  and  gelatine  placed  in  water-tight  tin  cases 
2  inches  in  diameter,  closed  at  the  top  with  wood  plugs.  No 
tamping  was  used.    The  boring  was  done  by  hand.     The  cost  of 
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boring  and  blasting  24,500  cubic  yards  of  yellow  sandstone  rock 
and  shale  to  a  depth  of  15  feet,  a  part  of  which  was  dry  at  low 
water  of  spring  tide,  and  covered  14  feet  6  inches  at  high  water, 
the  depUi  given  at  the  completion  of  the  work  being  29^^  feet, 
was  la.  9c2.  per  cubic  yard  for  boring ;  \%.  4d  for  explosives ; 
and  dredging  and  conveying,  including  repairs,  3a. ;  or  a  total 
cost,  exclusive  of  any  allowance  for  plant,  of  66.  \d.  The  propor- 
tion of  explosive  was  0*853  lb.  per  cubic  yard  of  rock  removed. 

The  broken  rock  was  dredged  up  by  a  bucket-ladder  dredger 
of  25  H.P.,  which  lifted  on  an  average  6  tons  of  rock  an 
hour.  A  Priestman  grab  was  also  used  for  the  removal  of  large 
pieces  of  rock,  many  of  which  weighed  from  1  to  2  tons.  The 
material  was  conveyed  3  miles  to  sea  (Proc*  Inst.  C.E,^  voL  xxxi.). 

The  St  Lawrence  River. — ^For  removing  shoals  of  blue  lime- 
stone studded  with  flint  in  this  river  in  Canada,  in  a  depth 
of  12  feet  of  water,  increased  to  17  feet,  the  contract  price  was 
9*d0  dollars  (4l8.)  a  cubic  yard.  The  explosive  used  was  nitro- 
glycerine, and  the  charge  was  placed  12  to  15  inches  below  the 
required  bottom.  The  holes  were  bored  with  Ingersoll  drills, 
varying  from  If  to  2^  inches  in  diameter,  having  four  cutting 
edges  of  steel.  The  motive  power  was  supplied  from  a  steam 
boiler  on  the  barge  from  which  the  drills  were  worked.  The 
cartridge  was  15  inches  long,  |  inch  in  diameter,  and  placed  in 
a  tin  tube  H  inch  in  diameter,  and  the  charge  was  fired  by 
electricity.  The  average  charge  per  cubic  yard  was  1*32  lb., 
and  the  quantity  of  rock  removed  34*600  cubic  yards.  The 
average  depth  of  the  bore-Jioles  was  6  feet  (Proc.  Inst.  C.E., 
voL  Ixxx.). 

River  Yarra,  Melbowme. — For  removing  a  shoal  of  hard 
basaltic  rock,  and  deepening  the  channel  from  12  to  19  feet, 
drills  were  used,  worked  from  the  deck  of  a  pontoon  stage,  and 
driven  by  compressed  air.  The  explosive  used  was  Nobel's 
No.  1  dynamite,  placed  in  oiled  calico  cartridges  in  charges 
varying  from  3  to  8  lbs.  The  holes  were  charged  by  a  diver. 
Sling-chains  and  skeps  filled  by  the  divers  were  used  for  raising 
the  material  The  work  lasted  3J  years,  and  cost  £17,351,  the 
plant  costing  £3,597  in  addition.  The  quantity  of  rock 
removed,  20,087  cubic  yards ;  22,191  cubic  yards  of  clay  being 
also  taken  away.  The  cost  of  boring,  blasting,  and  placing  the 
rock  in  barges  was  12a.  3§c{.  per  cubic  yard.  Ten  tons  of 
dynamite  were  used  (Proc,  Inst.  C.E.,  vol.  Ixxiv.). 


264  TIDAL  RIVERS. 

Hell  Gate,  New  York  Harhov/r. — ^The  most  extensive  sub- 
marine blasting  operation  ever  undertaken  for  the  improve- 
ment of  a  harbour  was  that  for  the  removal  of  the  rocks  known 
as  Hell  Gate,  which  obstructed  the  passage  between  New  York 
Harbour  and  Long  Island  Sound.  The  works  for  the  final 
operation  in  removing  the  middle  reef  consisted  of  the  excava- 
tion of  21,669  feet  of  galleries  through  the  rock,  of  an  average 
section  of  10  feet  square,  and  involving  the  removal  of  80,232 
yards  of  rock  by  blasting.  The  total  quantity  of  reef  and  pillars 
remaining  to  be  shattered  by  the  final  explosion  to  a  depth  of 
30  feet  amounted  to  270,717  cubic  yards.  The  number  of  car- 
tridges placed  in  the  holes  was  42,600,  containing  240,399  lbs.  of 
an  explosive  called  rackarack,  consisting  of  potassium  chlorate 
and  nitro-benzol,  and  42,331  lb&  of  dynamite.  The  cost  of  the 
final  explosion  was  £22,190,  the  total  expenditure  in  breaking 
up  the  reef  being  £218,612,  exclusive  of  removing  the  shallow 
rock.  The  cost  per  cubic  yard  averaged  12s.  B^d.  The  total 
estimated  cost  of  the  Hell  Gate  improvement  works  amounted 
to  £1,070,650.  The  works  for  breaking  up  the  middle  reef  rock 
extended  from  June,  1875,  to  October  10,  1885,  when  the  final 
explosion  took  place  (Proc.  Inst.  G.E.,  vol.  Ixxxv. ;  The  Bhi- 
gineer,  vol.  42). 

"Dredging  Operations  and  Appliances,"  by  J.  Webster, 
Mi/nviea  of  Proceedings  Institution  of  Civil  Engineers,  vol.  89; 
and  also  "  Dredging  Machine  on  the  Stour,"  W.  B.  Hayes,  vols. 
1  and  2,  1837 ;  "  The  Clyde,"  by  J.  Deas,  vol.  36 ;  "  Dredging 
Carlingford  Lough,"  J.  Burton,  vol.  44 ;  "  The  Danube,"  C.  H.  L. 
Kuhl,  vol.  65 ;  "  Dredging  on  the  Tees,"  J.  Fowler,  voL  75 ; 
"  Dredging  Calais  and  Boulogne,"  F.  Guillain,  vol  80 ;  "  Dredg- 
ing at  Swansea,"  W.  Capper,  vol.  103 ;  "  The  Von  Schmidt 
Dredger,"  G.  Wiggins,  vol.  104 ;  "  Dredging  and  Dredge  Plant," 
by  A.  C.  Schonberg.  "Inland  Navigation  Congress"  (Man- 
chester, 1890). 


CHAPTER  XI. 

THE  BEQUIKEMENTS  OF  NAVIGATION. 

As  the  object  in  carrying  out  works  in  tidal  rivers  is  to  improve 
them  for  the  purposes  of  navigation,  it  is  essential  that,  before 
any  attempt  is  made  to  advise  as  to  the  method  to  be  pursued 
in  obtaining  the  desired  conditions,  a  knowledge  of  the  require- 
ments of  a  vessel  in  navigating  a  tidal  channel  should  be 
acquired. 

The  following  may  be  taken  as  the  chief  matters  to  be  taken 
into  consideration  by  an  engineer  in  designing  works  for 
improving  the  access  to  a  port : — 

Bequirements  of  Navigation. — I.  The  character  of  the  shipping 
which  frequents  the  port,  or  which  will  be  attracted  by  increased 
accommodation. 

II.  The  depth  of  water  required  in  the  channel  for  the  class 
of  vessels  trading  to  the  port. 

IIL  The  time  the  depth  must  be  maintained. 

lY.  The  distance  of  the  port  from  the  sea,  and  the  time 
required  to  navigate  the  river. 

V.  The  velocity  of  the  current,  and  its  eflTect  in  increasing  or 
retarding  the  progress  of  the  vessel. 

YI.  The  draft  of  vessels  in  relation  to  the  quantity  of  cargo 
carried. 

YIL  The  depth  required  beyond  the  actual  draft  of  the 
vessel  to  enable  her  to  pass  over  a  bar,  to  steer  in  the  channel  of 
the  river,  or  pass  over  the  sill  of  a  lock. 

YIIL  Where  the  distance  from  the  sea  is  great,  the  provision 
for  mooring  vessels  afloat  at  some  point  between  the  sea  and  the 
harbour. 

IX.  The  minimum  radius  of  curvature  round  which  vessels 
can  be  safely  navigated. 

X.  The  length  and  beam  of  vessels  in  relation  to  the  size  of 
lock  required  for  docking. 
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XL  The  length  of  quays  required  to  discharge  a  given 
tonnage. 

Depth  of  Water. — With  regard  to  the  second  and  third 
matters,  it  is  a  very  great  advantage  to  steamers  engaged  in  the 
passenger  trade  if  the  depth  of  the  water  in  the  channel  is 
sufficient  to  enable  them  to  arrive  and  depart  at  fixed  hours, 
and  consequently  at  any  state  of  the  tide.  Vessels  which  trade 
with  ports  situated  at  long  distances  away,  such  as  those  in  the 
Pacific  and  Atlantic,  are  generally  of  the  largest  class,  and 
require  a  deeper  draught  than  those  whose  chief  trade  is  with 
the  Continent  or  in  the  coasting  trade. 

In  Appendix  XL  will  be  found  a  list  of  all  the  chief  ports 
in  the  kingdom,  with  the  number  of  vessels  entering  and  their 
tonnage  for  the  year  1891.  From  this  it  will  be  seen  that, 
although  London  has  the  largest  tonnage  of  any  port  in  the 
kingdom,  the  average  tonnage  of  the  vessels  is  only  256  tons,  or 
a  little  more  than  half  that  of  Cardiff*,  which  with  494j  tons  has 
the  highest  average ;  or  of  Liverpool  with  489 ;  or  of  the  Tyne 
ports  with  480  tons.  Bristol  has  only  an  average  tonnage  of 
159J  tons ;  while  Hull,  with  a  less  number  of  vessels,  has  an 
average  of  458,  and  Grimsby  412  tons;  Dundee,  with  only  1287 
ve8sel3,  has  an  average  tonnage  of  454 ;  and  Qranton,  with  only 
510  vessels,  of  467  tons.  In  the  larger  porta  the  average  is 
brought  down  by  the  small  coasting- vessels. 

The  small  coasting-vessels  under  50  tons  register  constitute 
nearly  28  per  cent,  of  the  whole  ships  in  the  kingdom,  or,  taking 
up  to  100  tons,  nearly  54  per  cent.  Those  betweei\  100  and  800 
constitute  21  per  cent. ;  and  between  800  and  2000  tons  21  per 
cent.,  leaving  only  \\  per  cent,  above  2500  tons  (see  Appendix). 

In  some  tidal  rivers  the  navigation  depends  entirely  on  the 
rise  of  the  tide,  the  channel  being  practically  dry  at  low  water ; 
in  others,  vessels  of  small  tonnage  only  can  navigate  the  river  at 
neap  tides,  those  of  large  tonnage  being  only  able  to  reach  the 
docks  at  spring  tides,  and,  if  arriving  during  neaps,  have  to  lie  in 
the  roadstead  or  lighten  their  cargoes  into  barges.  In  other  rivers 
there  is  depth  for  small  craft  at  low  water,  and  for  larger  vessels 
when  the  tide  is  half  flood,  leaving  a  much  longer  period  for  the 
navigation  of  the  river  than  when  the  depth  required  is  due 
entirely  to  the  tide.  In  rivers  in  the  best  condition  for  naviga- 
tion, the  depth  of  water  in  the  channel  is  sufficiently  deep  for  its 
navigation  by  all  vessels  at  all  times;  the  rise  of  the  tide  is 
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moderate,  so  as  not  to  require  expensive  constructional  works ; 
and  the  velocity  of  the  currents,  whether  of  ebb  or  flood,  not  so 
great  as  unduly  to  impede  the  progress  of  vessels. 

Sise  of  Vessels. — The  character  of  shipping  has  entirely  altered 
within  a  comparatively  short  period.  Sailing  vessels  have,  to  a 
very  large  extent,  been  superseded  by  steam.  The  size  of  the 
craft  has  very  greatly  increased,  and  for  the  present  appears  to  be 
likely  to  continue  to  do  so.  In  fact,  it  may  be  said  that  the 
limiting  factor  of  draught  is  the  depth  of  water  available  at  the 
principal  ports  in  this  and  other  countries,  and  that  as  this  is 
increased  so  will  the  size  of  vessels  continue  to  become  greater. 
Thus,  while  the  number  of  vessels  in  the  merchant  service  is 
smaller  than  it  was  a  few  years  ago,  the  total  tonnage  has 
considerably  increased.  Taking  the  past  five  years,  the  number 
of  vessels  on  the  Register  is  1034  less,  while  the  tonnage  is 
1,845,000  tons  more.  The  average  size  of  all  the  vessels  built 
now  is  540  tons,  or,  taking  steamers  only,  1000  tons.  Taking  the 
vessels  classed  at  Lloyd's,  in  1891  the  average  size  of  steam 
vessels  was  2100  tons  against  1991  in  the  previous  year,  and  of 
sailing  vessels  1696  tons  against  1783  in  1890. 

Taking  the  whole  of  the  vessels  on  the  British  Register  as 
given  in  the  Board-of-Trade  returns,  there  were  in  1881  38,752 
vessels  of  an  aggregate  tonnage  of  8,575,560  tons,  or  an  average 
of  221  tons  per  vessel  In  1891  the  number  of  vessels  had 
decreased  to  36,085,  and  the  tonnage  increased  to  9,961,574, 
giving  an  average  of  about  276  tons  to  a  vessel 

When  the  navigation  of  the  country  was  conducted  in  wooden 
sailing,  vessels  of  small  tonnage,  as  compared  to  those  now  in  use, 
it  was  sufficient  to  provide  berths  and  quays  in  the  channel, 
where  a  vessel  could  lie  dry  or  only  half  water-borne  at  low 
water  and  discharge  her  cargo.  The  introduction  of  iron  vessels 
of  great  length  in  proportion  to  beam,  with  heavy  boilers  and 
machinery,  made  it  desirable  that  they  should  always  be  afloat, 
and  a  wet  dock  or  floating  accommodation  is  now  a  necessity.  The 
construction  of  the  first  wet  docks  in  the  Thames  was  not  under- 
taken so  much  for  the  purpose  of  providing  floating  accommodation 
as  for  putting  the  ships  in  a  secure  place  where  the  robberies  of 
valuable  cargoes,  which  took  place  in  the  open  river,  could  be 
prevented.  The  increase  in  the  size  and  draught  of  vessels  which 
has  taken  place  has  necessitated  the  gradual  reconstruction  of 
harbour  works,  which  were  quite  sufficient  for  their  purpose 
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when  first  made ;  the  dredging  and  deepening  of  the  channels ; 
and  the  building  of  docks  with  larger  locks  and  deeper  sills. 

The  change  that  has  taken  place  will  be  better  realized  by  a 
comparison  of  the  trade  of  the  Thames  during  the  last  and 
present  centuries.  In  1700  the  number  of  vessels  navigating  the 
Thames  was  6897,  having  a  total  tonnage  of  435,135,  and  an 
average  tonnage  for  each  vessel  of  6309  tons.  In  the  middle  of 
the  last  century  the  number  of  vessels  had  increased  to  8078, 
and  the  avei'age  tonnage  to  92*35  tons.  At  the  end  of  the  century 
13,444  vessels  entered  the  river,  of  a  total  tonnage  of  1,762,898, 
and  an  average  tonnage  of  130*39  tons ;  or,  taking  only  those 
vessels  which  traded  to  foreign  ports,  the  average  tonnage  in 
1700  was  96  tons;  in  1751,  132  tons;  and  1794,  196  tons. 
The  number  of  vessels  entering  the  port  of  London  in  1891 
was  61,632,  of  an  aggregate  tonnage  of  13,216,946  tons,  of  an 
average  tonnage  of  256  tons. 

At  Leith,  at  the  beginning  of  the  present  century,  Mr.  Telford, 
in  advising  as  to  the  dock  accommodation  and  size  of  locks 
required,  found  that  3484  ships  which  entered  that  port  were 
under  200  tons,  and  drew  under  10  feet  of  water;  135  were 
between  200  and  400  tons,  drawing  from  11  to  14  feet,  and  only 
4  above  400  drawing  15^  feet.  In  1891  3749  vessels  entered,  of 
an  aggregate  tonnage  of  1,247,769  tons,  the  average  tonnage  of 
each  vessel  being  about  333  tons.  The  depth  of  water  on  the  sill 
of  the  lock  at  spring  tides  is  26  feet  6  inches,  and  this  is  not 
found  sufficient,  and  is  about  to  be  increased. 

Modem  Atlantic  liners,  such  as  the  Campania  and  Lacania, 
are  625  feet  in  length,  65  feet  beam,  and  draw  26  feet  The 
gross  tonnage  of  each  is  12,950,  and  the  I.H.P  30,000.  The 
Majestic  and  Teutonic  are  582  feet  long,  and  57^  feet  beam, 
and  have  a  draft  of  26  feet.  The  Paris  and  Borne  are  560  feet 
long,  and  draw  24j  feet. 

Modem  vessels  not  only  require  increased  accommodation  on 
account  of  their  larger  dimensions,  but  greater  depth  and 
improved  waterways,  in  order  that  they  may  have  quick  despatch. 
The  running  expenses  of  a  large  steamer  are  such  that  it  is  vital 
to  its  success  that  there  should  be  as  little  delay  as  possible  in 
navigating  the  port,  waiting  for  spring  tides,  or  in  discharging 
cargo.  In  sailing  ships,  it  used  to  be,  and  is  still  to  a  large 
extent,  the  custom  to  discharge  the  crew  as  soon  as  the  ship  was 
moored  in  dock ;  the  expenses  under  these  circumstances  of  the 
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vessel  in  port  are  small.  It  is,  however,  more  difficult  to  replace 
the  crew  of  a  steamer,  and  they  are  generally  retained  in  port, 
and  wages  have  to  be  paid.  The  owners,  therefore,  require  that 
the  stay  in  port  shall  be  as  short  as  possible. 

Tonnage  of  Vessels. — The  modern  design  of  steamers  and 
sailing  vessels  has  resulted  in  very  largely  increasing  their 
capacity  for  carrying  cargo  in  comparison  with  their  total 
cubical  capacity,  as  determined  by  the  present  method  df 
measurement.  The  measurement  on  which  ships  are  entered  at 
the  Custom  House  is  known  as  the  registered  tonnage,  on  which 
all  dues  and  tolls  are  paid.  This  is  defined  by  the  Merchant 
Shipping  Act  of  1854  (17  &  18  Vict  c.  104,  clause  21),  and  is 
based  on  the  cubical  contents  of  the  hold  of  the  vessel,  after 
making  allowance-for  the  accommodation  of  the  crew.  In  steam 
vessels,  from  the  gross  tonnage  as  found  above,  an  allowance  is 
made  for  the  space  occupied  by  the  machinery  used  for  propel- 
ling the  ship,  and  the  cubic  contents  found  after  making  this 
deduction  is  "  the  net  tonnage  "  on  which  dues  are  paid.  Approxi- 
mately, a  register  ton  is  equal  to  100  cubic  feet. 

The  quantity  of  cargo  which  a  vessel  will  carry,  or  her 
'*  tons  burden,"  greatly  exceeds  her  register  tonnage,  and  varies 
with  the  build  of  the  vessel  and  also  with  the  class  of  cargo. 
Selecting  a  large  number  of  vessels  from  Lloyd's  Register,  and 
taking  coal  as  a  cargo,  the  average  quantity  the  vessels  are 
capable  of  carrying  for  every  100  tons  register  is  as  follows : — 


Wood  vessels 

Iron 

Steel 


9* 


M 


steamers.       Sailing  veflBelB. 
Tona  of  cargo  per  100  tons  register. 

182  168 
197  140 
216        158 


In  Appendix  No.  XII.  will  be  found  an  abstract  showing  the 
number  of  vessels  frequenting  all  the  principal  ports  of  the 
kingdom,  with  their  total  and  average  tonnage. 

Draft  of  Vessels. — ^The  quantity  of  cargo  which  a  vessel  can 
convey  to  a  port  depends  not  only  on  her  size,  but  on  the  depth 
of  water  in  the  channel  which  she  navigates.  The  navigable 
depth  of  water  is  therefore  the  guiding  factor  in  the  class  of 
shipping  which  frequents  any  particular  port.  While  the  engi- 
neer has  been  providing  for  the  larger  cargoes  now  carried  by 
increasing  the  depth  of  the  channel  and  the  quantity  of  water 
available  over  the  siUs  of  the  locks^  the  shipbuilder  has  been 
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designing  vessels  which,  without  adding  to  the  draught,  will 
carry  increased  cargoes.  The  small  draught  of  the  Suez  Canal 
when  first  constructed  gave  a  great  impetus  to  this  movement. 
The  depth  of  the  Canal  has  since  been  increased,  and  the  average 
draught  of  the  4206  vessels  which  went  through  in  1891  was 
2068  tons.  From  a  report  made  by  Mr.  J.  Walker  in  1835,  a 
vessel  of  500  tons  register  had  a  draught  of  from  13  to  16  feet ; 
of  500  tons,  from  17  to  18  feet;  and  of  700  tons,  19  to  21  feet 
The  draught  of  vessels  of  the  same  registered  tonnage  now, 
would  be,  for  the  300-ton  vessel,  12  feet;  for  the  500*ton, 
14  feet ;  and  for  the  700-ton,  16  feet. 

Vessels  may  be  specially  designed  to  carry  large  cargoes  on 
very  light  draughts.  Thus,  for  the  lake  and  canal  service 
in  Canada  and  America,  steamers  are  constructed  capable  of 
carrying  3000  tons  on  a  drafl  of  14^  feet,  and  4000  tons  on  a 
draft  of  17  feet.  These  vessels  are  about  350  feet  in  length, 
45  feet  beam,  with  24^  feet  depth  of  hold. 

Although  no  exact  rule  exists,  and  vessels  vary  very  con- 
siderably in  their  draught,  the  following  may  be  taken  as 
approximately  that  of  modem  vessels : — 

Registered  tonnage.  Dnft  In  feet. 

tH/—  su  ...  *■■  •••  *••  •■■  o 


100-150 

200-800 

400-500 

500-600 

600-700 

700-800 

800-1000 

1000-1200 

1200-1500 

1500-2000 

2000-8000 

8000-4000 


10 
12 
14 
16 
16 
17 
18 
19 
20 
22 
23 
24 


It  has  been  stated  that  the  capacity  of  a  port  varies  as  the 
cube  of  the  navigable  depth  of  water  in  the  channel.  This  rule 
may  apply  to  ports  frequented  by  the  smaller  class  of  vessels,  but 
with  the  larger  tonnages  the  value  of  the  port  increases  more 
rapidly  with  the  depth  than  by  this  law.  It  will  be  seen  from 
the  above  table  that,  in  tidal  rivers  of  the  smaller  class,  an 
increase  of  one  foot  in  the  navigable  depth,  or  about  one-fourth, 
gives  accommodation  for  100  tons  of  increased  carrying  capacity. 
For  ports  frequented  by  vessels  of  1000  tons  register,  one  foot 


THE  REQUIREMENTS  OF  NAVIGATION.  271 

extra  depth,  or  about  one- twentieth,  increases  the  carrying 
capacity  200  tons ;  and  in  ports  where  2000-ton  vessels  can  go,  an 
increase  of  one-twenty-second  in  depth  increases  the  carrying 
capacity  500  tons,  or  about  one-fourth.  Beyond  this  the  advan- 
tage given  by  depth  increases  very  rapidly. 

The  annual  statement  of  Navigation  and  Shipping,  issued  by 
the  Board  of  Trade  for  the  year  1891,  an  abstract  of  which  is  given 
in  Appendix  XI.,  shows  that,  including  coasting  vessels,  about 
70  per  cent,  of  the  ships  belonging  to  the  British  merchant  service 
do  not  exceed  500  tons  register.  The  average  draught  of  these 
may  be  taken  at  15  feet.  About  96  per  cent,  of  the  whole 
British  mercantile  marine  is  under  2000  tons  register,  the  draught 
of  the  largest  of  these  averaging  about  22  feet.  The  vessels 
above  this  draught  consist  of  the  large  passenger-steamers 
engaged  in  the  American  and  colonial  trade,  and  a  few  large 
sailing  ships  and  cargo-steamers  built  for  special  services. 

Although  the  bulk  of  the  ships  which  frequent  a  port  may 
only  have  a  maximum  draught  of  from  16  to  18  feet,  provision 
must  be  made  for  the  larger  class  of  vessels,  as  such  cargoes  as 
grain,  maize,  linseed,  etc.,  are  almost  invariably  brought  over 
in  vessels  drawing  from  18  to  22  feet. 

A  vessel  draws  more  water  in  a  river  filled  with  fresh  water 
than  in  the  salt  water  of  the  sea.  A  vessel  drawing  20  feet  in 
salt  water  will  be  immersed  20  feet  7  inches  in  fresh  water.  To 
find  the  difference  of  the  increased  immersion  of  a  vessel  passing 
from  salt  to  fresh  water,  the  draught  may  be  multiplied  by  1*029, 
and  by  0*972  when  passing  from  fresh  to  salt  water. 

In  addition  to  the  actual  draught  of  the  vessels,  a  certain 
margin  must  be  allowed  under  the  keel.  In  passing  through  a 
lock  an  allowance  of  one  foot  is  generally  found  sufiicient,  or  even, 
on  a  rising  tide,  6  inches.  In  navigating  a  river  channel  where 
the  water  is  smooth,  unless  a  vessel  has  two  feet  under  the  keel 
she  is  said  to  **  smell  the  ground,"  and  will  not  steer  properly, 
although  in  practice  pilots  bring  up  vessels  with  half  this  margin, 
and  even  where  there  is  only  6  inches  to  spare  over  short 
lengths  of  shoals.  Where  the  margin  is  so  small  there  is  con- 
siderable risk  of  the  vessel  grounding,  especially  on  a  falling  tide, 
and  an  engineer  should  never  calculate  on  less  than  two  feet 
beyond  the  draft  of  the  vessels.  In  estuaries  and  in  crossing 
bars,  where  there  is  a  swell,  the  least  margin  pilots  consider  safe 
is  4  feet.    When  the  sea  is  rough,  and  the  waves  of  any-  size,  this 
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would  not  be  sufficient  The  depth  of  water  on  a  bar  at  a  given 
state  of  the  tide  being  known,  a  deduction  must  be  made  for  the 
'9cen\d  of  the  vessel,  or  the  vertical  distance  she  descends  below 
the  mean  level  of  the  water  when  passing  through  the  waves. 
Mr.  Meik  made  several  observations  in  Sunderland  harbour,  to 
ascertain  what  the  'scend  of  a  vessel  was  in  rough  weather,  and 
he  arrived  at  the  conclusion  that  small  colliers  passing  through 
a  ten-feet  wave  would  'scend  7^  to  8  feet;  small  colliers,  180  feet 
long,  passing  through  the  same  wave,  would  only  'scend  5  feet, 
and  that  the  'scend  may  be  taken,  on  an  average,  at  two-thirds 
the  greatest  lift  for  ordinary  colliers,  and  half  the  lift  of  the 
wave  for  larger  steamers.  The  lift  of  the  wave  being  taken  as 
the  space  from  the  trough  to  the  crest. 

Width  of  ChanneL — The  width  of  a  channel  required  for 
navigation,  although  a  matter  of  less  importance  than  the 
depth,  yet  requires  consideration.  There  must  not  only  be  room 
for  vessels  going  up  to  pass  those  going  out,  but  a  narrow 
channel  adds  to  the  difficulty  of  navigating  the  vessel,  and 
diminishes  the  speed.  Up  to  a  certain  limit,  the  less  the  sectional 
area  of  the  water-way  proportional  to  the  immersed  sectional 
area  of  the  vessel  the  greater  will  be  the  power  required  to 
drive  the  vessel  through  the  water.  In  confined  channels,  it  is 
generally  considered  that,  for  a  vessel  to  move  freely,  the  sectional 
area  should  be  such  as  to  give  a  depth  of  3  feet  under  the 
bottom,  and  that  the  area  should  be  six  times  the  cross-section 
of  the  submerged  portion  of  the  boat.  For  a  cargo-steamer  of 
1500  tons  register,  this  would  require  a  channel  about  230  feet 
wide  by  23  feet  deep. 

Distance  of  a  Port  from  the  Sea. — The  distance  a  port  is 
situated  inland  increases  its  advantage  as  a  centre  of  distribution 
and  its  commercial  value.  The  increased  length  of  waterway 
involved,  however,  adds  to  the  difficulties  and  requirements  of 
the  navigation.  In  such  cases  it  becomes  important  to  know 
the  time  a  vessel  will  take  to  navigate  between  the  port  and  the 
sea,  and  the  depth  of  the  water  that  will  be  found  throughout 
her  course,  which  of  courae  will  vary  with  the  state  of  the  tide. 
Thus  a  vessel  having  to  traverse  a  tidal  channel  30  miles  long, 
and  entering  from  the  sea  at  high  water,  would  have  the  tide 
falling  as  she  advanced,  and  the  depth  of  water  become  less  the 
further  she  proceeded. 

To  ascertain  the  maximum  draught  of  the  vessel  that  can 
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navigate  a  channel  under  such  conditions,  it  is  desirable  to  have 
a  tidal  diagram  showing  the  navigable  depths  throughout  the 
course  at  all  states  of  the  tide  (see  Fig.  35). 

A  navigation  diagram  may  be  constructed  in  the  following 
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Fzo.  S5.— Dli^pntm  showing  depth  of  water  in  «  tidal  channel  ayaiUble  for  a  vessel  leaving  a  port 

and  going  out  to  sea. 
JVMs.— Vessel  taken  as  going  6  miles  against  tide,  8  miles  at  slack  water,  and  10  miles  with  the  tide. 

manner.  The  height  of  the  tide  at  any  given  point  and  at  any 
given  time  being  ascertained  from  the  diagram  of  the  tides,  the 
shoalest  places  in  the  river  are  selected,  and  the  heights  above 
these  set  out  on  a  scale  on  the  diagram.  Supposing  a  vessel  to 
leave  the  dock  at  7.30  o'clock,  or  one  hour  before  high  water,  with 
22  feet  of  water  on  the  sill,  and  that  the  first  shoal  place  is 
4  miles  down  the  river ;  going  at  the  rate  of  6  miles  an  hour,  she 
win  arrive  there  at  8.15,  or  at  about  high  water,  and  have 
25  feet  of  water  over  the  shoaL  By  the  time  she  arrived  at  the 
next  shoal  the  tide  would  have  fallen  a  little,  but  there  would 
be  26i  feet  of  water  there.  She  would  now  carry  the  tide  with 
her,  and  proceed  over  the  ground  at  an  increased  rate,  and  would 
arrive  at  the  bar  at  9.24,  and  have  26^  feet  of  water.  If  the 
vessel  left  at  an  hour  after  high  water,  she  would  have  20  feet 
on  the  dock  sill,  and,  carrying  the  tide  with  her  all  the  way, 
have  19^  feet  at  the  first  and  second  shoal  places,  and  I94  feet 
at  the  bar. 

T 
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In  river  channels  it  may  be  assumed  that  the  speed  of  a 
vessel  under  steam  will  not  exceed  10  miles  an  hour,  but  as  a 
rule  it  may  be  taken  at  8.  The  actual  progress  over  the  ground 
will  be  increased  or  decreased  depending  on  whether  she  is 
going  with  or  against  the  current,  and  in  proportion  to  its 
velocity.  Thus  a  steamer  with  an  8-knot  speed,  going  with  the 
tide  having  a  2-knot  current,  will  progress  over  the  ground  at 
the  rate  of  10  knots,  or  if  against  a  2-knot  current,  then  her 
progress  will  be  6  knots. 

Lay  Byes. — In  cases  where  the  distance  to  be  traversed  is 
great  and  the  navigation  is  dependant  on  the  tide,  it  becomes 
essential  that  provision  should  be  made  at  some  point,  about 
midway  of  the  channel,  for  a  lay  bye  where  the  vessel  can  moor 
afloat  and  wait  for  the  following  tide.  As  river  channels  seldom 
afibrd  sufiicient  width  for  a  vessel  to  swing  with  the  tide^ 
provision  must  be  made  for  moorings  from  both  stem  and  stem, 
and  this  can  be  most  readily  done  at  a  mooring  stage,  against 
which  the  vessel  can  lie. 

Unless  a  natural  pool,  having  sufficient  depth  for  the  vessel 
to  lie  afloat  at  low  water,  exists,  it  will  be  necessary  to  provide 
a  berth  by  dredging,  and  this  is  most  likely  to  maintain  its 
depth  if  it  be  situated  in  a  concave  bend  of  the  channel. 

Dock  Accommodatioii. — The  accommodation  required  for 
docking  vessels  involves  considerations  of  construction  which  is 
beyond  the  scope  of  a  work  on  tidal  rivers.  It  may,  however, 
be  stated  that  a  dock  lock  200  feet  long  and  30  feet  wide  will 
admit  of  the  entrance  of  vessels  up  to  about  500  tons  register ; 
250  feet  long  by  35  feet  wide,  of  vessels  up  to  1000  tons;  300 
feet  by  50  feet,  up  to  2000  tons;  350  feet  by  50  feet,  up  to 
3000  tons ;  400  feet  by  60  feet,  up  to  4000  tons. 

To  accommodate  the  large  Atlantic  liners,  the  Mersey  Dock 
Board  are  having  locks  built  700  feet  long,  100  feet  wide,  with 
40  feet  on  the  sill  at  high  water.  The  lock  at  the  Tilbury  Dock 
on  the  Thames  is  555  feet  long,  80  feet  wide,  and  has  26  feet  on 
the  sill  at  low  water,  and  45  feet  high  water. 

The  length  of  a  lock  is  not  necessarily  the  measure  of 
capacity  of  the  dock.  In  small  docks  the  larger  class  of  vessels 
can  only  get  up  on  the  spring  tides  when  the  water  in  the 
river  and  the  dock  at  high  water  is  level.  It  is  an  error  to 
make  the  lock  out  of  proportion  to  the  size  of  the  dock.  This 
leads  to  a  waste  of  water  in  docking  small  vessels  in  and  out 
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at  neap  tides,  and  to  the  lowering  of  the  water  to  an  incon- 
venient level  below  the  quays. 

It  is  generally  estimated  that  1  yard  of  quay  iii  a  dock  will 
give  accommodation  to  a  registered  tonnage  of  from  300  to 
400  tons  in  the  course  of  the  year. 

Wrecks. — It  occasionally  becomes  necessary  to  remove  from 
a  tidal  river  vessels  which  have  become  wrecked  in  the  fair  way 
to  the  impediment  of  the  navigation.  Under  the  Removal  of 
Wrecks  Act  of  1877  (40  &  41  Vict  c.  16,  and  amended  by 
52  Vict.  c.  5),  the  local  harbour  authority  at  any  port  have  the 
power  to  clear  away  a  wreck,  and  to  be  reimbursed  out  of  the 
sale  of  the  material  or  cargo  recovered  so  far  as  sufficient  for 
the  purpose.  Some  ports  have  obtained  further  powers,  and 
can  enforce  payment  by  the  owners  of  all  expenses  incurred  in 
the  removal. 

The  first  duty  of  an  authority,  on  a  wreck  occurring,  is  to 
mark  the  site  with  a  green  buoy  having  the  word  "wreck" 
painted  on  it;  the  buoy,  where  practicable,  to  be  laid  near  to 
the  side  of  the  wreck  next  to  mid-channel.  When  a  wreck- 
marking  vessel  is  used,  she  carries  a  cross-yard  on  a  mast  with 
two  balls  by  day,  placed  horizontally  not  less  than  6  nor  more 
than  12  feet  apart,  and  two  lights  by  night  similarly  placed. 
When  a  barge  or  open  boat  is  used,  a  flag  or  ball  may  be  shown 
in  the  daytime. 

The  Thames  Conservancy  have  the  most  complete  wreck- 
raising  plant  in  the  country,  the  amount  expended  annually 
in  removing  wrecks  from  the  Thames  amounting  to  between 
£6000  and  £6000. 

There  are  several  wreck-raising  associations  who  undertake 
to  raise  sunken  vessels,  their  chief  object  being  the  preservation 
of  the  property  of  the  shipowners  and  underwriters.  These 
associations  do  not  enter  into  contracts  for  a  specified  sum,  but 
charge  their  employers  the  cost  of  the  work,  whatever  it  may 
be.  The  principal  of  these  is  the  London  Salvage  Association, 
the  Liverpool  Salvage  Association,  and  the  Glasgow  Salvage 
Association. 

The  methods  used  in  raising  sunken  ships  are  too  various  to 
detail  here.  Generally  the  process  for  small  vessels  is  to  lift 
them  by  means  of  chains  or  wire  rope  placed  under  the  keel 
and  attached  to  barges  on  either  side.  The  vessel  is  then  lifted 
by  the  tide,  and  floated  to  a  berth  on  the  shore.     This  process  is 
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also  assisted  by  placing  empty  barrels  in  the  hold,  taking  care 
so  to  arrange  them  that  they  do  not  lift  the  deck.  With  larger 
vessels  divers  are  employed  to  remove  the  cargo  if  practicable, 
and  then  to  cover  the  hole  which  caused  the  leak  with  shields 
of  iron  or  wood  and  with  a  quick-setting  cement ;  and,  having 
closed  the  water-tight  compartments,  to  pump  out  the  water 
with  centrifugal  pumps.  By  the  aid  of  these  pumps,  also,  such 
cargoes  as  grain  can  be  pumped  out  of  a  simken  vessel 

In  some  cases  it  is  necessary  to  destroy  the  vessel  by 
explosives,  but  this  should  be  avoided,  if  possible,  as  sunken  pieces 
of  the  vessel  may  become  a  source  of  danger  to  the  navigation. 

Where  vessels  have  to  be  lifted,  flexible  wire  rope  is  found 
more  easy  to  handle  than  chain,  and  has  less  slack,  so  that  less 
of  the  rise  of  the  tide  is  lost. 

The  weight  of  an  iron  ship  or  steamer  varies  from  about 
070  to  0'80  of  her  gross  registered  tonnage.  In  addition 
allowance  has  to  be  made  for  the  weight  of  the  water  filling 
those  parts  of  the  vessel  rising  out  of  the  water,  and,  if  a  dead 
lift  is  attempted,  the  difference  of  the  weight  of  the  cargo  and 
of  the  water  in  which  it  is  immersed. 

''  Annual  Statement  of  the  Navigation  and  Shipping  of  the 
United  Kingdom,"  issued  annually  by  the  Board  of  Trade: 
''Dock  and  Port  Charges  of  Great  Britain  and  Ireland,"  by 
R  Thubron  (London:  C.  Wilson,  1877;  Supplement,  1881); 
"The  Shipping  World  Year-Book"  (London:  Shipping  World 
Office);  ''Steamship  Capability,"  by  J.  Wingate  (Glasgow; 
P.  Forrester) ;  "  Salvage  and  Wreck-raising,"  by  J.  J.  Fletcher, 
C.E.  (London,  1890 :  Shipping  World  Office). 


CHAPTER  XII. 

BUOYING  AND  LIGHTING  TIDAL  RIVERS. 

The  lighting  and  buoying  of  the  coast  of  this  country  is  under 
the  direction  of  the  Trinity  House,  London.  The  manage- 
ment of  the  buoys  and  lights  of  estuaries  and  tidal  rivers 
devolves,  with  few  exceptions,  upon  local  harbour  authorities. 
The  information  contained  in  this  chapter  is  intended  only  to 
apply  to  this  class  of  work. 

Information  as  to  lighthouses  and  the  larger  class  of  beacon 
lights  will  be  found  in  the  paper  contributed  by  Sir  James 
Douglas  to  the  Royal  Institution,  and  printed,  with  illustrations 
of  lighthouses  and  lightships,  in  The  Engineer  of  March  29, 
1889;  and  also  in  the  paper  by  the  same  author  on  "The 
Electric  Light  as  applied  to  Lighthouse  Illumination,"  in  the 
fifty-seventh  volume  of  the  Proceedings  of  the  Institviion  of 
Civil  Engineers. 

The  development  of  steam  power  for  propelling  ships,  and 
the  increased  size  of  vessels  employed,  has  necessitated  a  more 
extensive  and  efficient  system  of  lights  and  buoys,  and  a 
channel  must  be  made  as  easy  to  navigate  in  the  dark  as  in  the 
daylight  tides.  The  change  also  of  the  material  of  which  buoys 
are  constructed,  and  the  invention  of  new  methods  of  lighting, 
have  tended  to  revolutionize  the  system  that  was  in  use  a  few 
years  ago. 

Formerly  the  lighting  of  the  coasts  and  providing  sea-marks 
was  undertaken  by  societies  or  private  individuals,  who  obtained 
royal  charters  giving  powers  to  levy  tolls  on  passing  ships. 
The  Trinity  House  Corporation  commenced  its  existence  as 
a  society,  established  at  Deptford  by  charter  in  the  reign  of 
Henry  YIII.,  for  the  purpose  of  providing  lights  and  beacons 
for  the  Thames  and  the  southern  district  of  the  East  Coast.  Its 
full  title  is, ''  The  Master  Wardens  and  Assistants  of  the  Guild 
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of  the  most  glorious  and  undivided  Trinity  and  of  St.  Clement, 
in  the  Parish  of  Deptford,  Strond,  in  the  Coimty  of  Kent."  Its 
first  lighthouse  was  erected  in  1680.  Owing  to  the  large 
increase  in  the  shipping  of  the  Thames,  the  revenue  increased 
much  more  rapidly  than  the  cost  of  maintaining  the  buoys  and 
lights,  and  large  sums  were  annually  dispensed  in  charity. 
Under  an  Act  passed  in  William  IV.'s  reign,  the  power  given 
under  the  ancient  charters  for  maintenance  of  lighthouses  was 
withdrawn,  and  by  this  Act  and  the  Merchant  Shipping  Act  of 
1854  the  constitution  of  the  Trinity  House  was  enlarged.  The 
entire  duty  of  lighting  and  buoying  the  coasts  of  England  and 
the  river  Thames  now  devolves  exclusively  upon  the  Trinity 
House. 

The  Corporation  consists  of  a  Master,  Deputy  Master, 
nineteen  acting  Elder  Brethren,  and  an  unlimited  number  of 
Younger  Brethrea  The  Master  and  honorary  Elder  Brethren 
are  always  elected  on  the  ground  of  eminent  social  position. 
The  Deputy  Master  and  acting  Elder  Brethren  are  elected  by 
the  Court  of  the  Elder  Brethren  from  such  of  the  Younger 
Brethren  as  are  possessed  of  the  necessary  qualifications,  and 
have  obtained  the  rank  of  commander  in  the  Navy  four  years 
previously,  or  have  served  as  master  in  the  merchant  service  on 
foreign  voyages  for  a  period  of  not  less  than  four  years.  The 
head-quarters  of  the  Trinity  House  are  in  London,  with  branch 
establishments  at  Eamsgate,  Harwich,  Yarmouth,  Cowes,  Milford, 
and  Holyhead. 

In  addition  to  the  care  of  the  lighthouses,  sea-marks,  and 
buoys  in  the  Thames  and  on  the  coast  from  Berwick  to  Carlisle, 
the  Trinity  House  has  the  duty  of  examining  candidates  for  and 
licensing  the  Thames  and  Channel  pilots. 

The  lighting  and  buoying  of  the  Scotch  coast  and  of  the 
Isle  of  Man  is  under  the  direction  of  the  Commissioners  of 
Northern  Lighthouses ;  and  of  the  Irish  coasts,  of  the  Dublin 
Corporation.  The  lighthouses  of  both  these  trusts  are  under 
the  supervision  of  the  Trinity  House,  and  the  sanction  of  this 
Corporation  has  to  be  received  before  the  erection  of  any  new 
lights.  The  Board  of  Trade  has  a  general  control  over  the  three 
boards,  and  before  any  exceptional  expenditure  can  be  incurred, 
the  sanction  of  this  Board  has  to  be  obtained.  The  Trinity 
House  and  the  other  lighthouse  authorities  have  also  a  con- 
trolling direction  over  the  lighting  and  buoying  of  all  local 
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Buthorities,  and  it  is  their  duty  from  time  to  time  to  inspect  all 
local  lights,  buoys,  and  beacons  within  their  jurisdiction,  and 
report  to  the  Board  of  Trade  the  result  of  such  inspection,  which 
reports  are  to  be  laid  before  Parliament.  Before  the  erection  by 
any  local  harbour  authority  of  any  new,  or  the  alteration  of  exist- 
ing lights,  buoys,  and  beacons,  the  sanction  of  the  Trinity  House 
in  England,  the  Commissioners  of  Northern  Lights  in  Scotland, 
or  the  Corporation  of  Dublin  in  Ireland,  must  first  be  obtained. 

The  annual  cost  of  maintaining  the  lighthouses,  light- 
vessels,  and  buoys,  including  oflSce  expenses  and  superannuation 
allowances,  is  over  £200,000  for  England,  £70,000  for  Ireland, 
and  £50,000  for  the  northern  district;  in  addition  to  which  is 
a  large  annual  expenditure  on  new  worka  The  light  dues 
amount  to  over  £500,000  a  year. 

The  method  of  lighting  and  buoying  estuaries  and  tidal 
channels  is  not  subject  to  any  statutable  regulations,  conse- 
quently a  considerable  diversity  of  practice  prevails  amongst 
the  local  authorities  having  charge  of  these.  To  vessels  in 
charge  of  local  pilots  this  is  not  of  consequence,  but  it  is  obvious 
that  if  one  universal  system  were  in  use  it  would  be  of  great 
advantage  to  ships  failing  to  obtain  pilots,  and  to  smaller  craft 
using  the  navigation  without  their  aid. 

To  obtain  as  far  as  possible  uniformity,  a  conference  was 
held  by  representatives  of  the  Board  of  Trade,  the  Trinity 
House,  and  the  Admiralty,  and  the  following  code  of  regulations 
agreed  to  for  adoption  in  all  cases  where  the  buoys  come  under 
their  direct  management  and  control,  and  was  recommended  for 
adoption  by  all  local  authorities.  In  framing  these  regulations 
the  shape  of  the  buoys  was  more  relied  on  than  the  colour  as 
distinguishing  the  diiferent  parts  of  the  channel  It  is  un- 
fortunate, as  liable  to  lead  to  confusion,  that  in  determining  the 
right  and  left  hand  side  of  the  channel,  the  well-known  rule 
that  the  right  bank  of  the  river  is  that  to  the  right  hand  when 
going  down  the  stream  from  the  source  to  the  mouth  should 
have  been  departed  from,  and  the  right-hand  side  settled  as  that 
on  the  right  hand  when  going  up  the  channel 

Regulations  for  Buoying  Channels. 

The  term ''  starboard  hand  "  shall  denote  the  side  which  would 
be  on  the  right  hand  of  the  mariner  either  going  with  the  main 
stream  of  flood  or  entering  a  harbour,  river,  or  estuary  from  sea- 
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ward ;  the  term  "  port  hand "  shall  denote  the  left  hand  of  the 
mariner  under  the  same  circumstances. 

Buoys  showing  the  pointed  top  of  a  cone  above  water  shall 
be  called  conical,  and  shall  always  be  starboard-hand  buoys,  as 
above  deiined. 

Buoys  showing  a  flat  top  above  water  shall  be  called  can, 
and  shall  always  be  port-hand  buoys,  as  above  defined. 

Buoys  showing  a  domed  top  above  water  shall  be  called 
spherical,  and  shall  mark  the  ends  of  middle  grounds. 

Buoys  having  a  tall  central  structure  on  a  broad  base  shall 
be  called  pillar  buoys,  and,  like  other  special  buoys,  such  as  bell 
buoys,  gas  buoys,  automatic  sounding  buoys,  etc.,  shall  be  placed 
to  mark  special  positions  either  on  the  coast  or  in  the  approaches 
to  harbours,  etc. 

Buoys  showing  only  a  mast  above  water  shall  be  called  spar 
buoys. 

Starboard-hand  buoys  shall  always  be  painted  in  one  colour 
only. 

Port-hand  buoys  shall  always  be  painted  of  another  cha- 
racteristic colour,  either  single  or  parti-colour. 

Spherical  buoys  at  the  ends  of  middle  grounds  shall  always 
be  distinguished  by  horizontal  stripes  of  white  colour. 

Sunnounting  beacons,  such  as  staff  and  globe,  etc.,  shall 
always  be  painted  of  one  dark  colour. 

Staff  and  globe  shall  only  be  used  on  starboard-hand  buoys ; 
staff  and  cage  on  port-hand;  diamonds  at  the  outer  ends  of 
middle  grounds,  and  triangles  at  the  inner  ends. 

Buoys  on  the  same  side  of  a  channel,  estuary,  or  tide-way 
may  be  distinguished  from  each  other  by  names,  numbers,  or 
letters,  and,  where  necessary,  by  a  staff  surmounted  with  the 
appropriate  beacon. 

Buoys  intended  for  moorings,  etc.,  may  be  of  shape  or  colour 
according  to  the  discretion  of  the  authority  within  whose  juris- 
diction they  are  laid,  but  for  marking  submarine  telegraph  cables 
the  colour  shall  be  green,  with  the  word  "telegraph"  painted 
thereon  in  white  letters. 

Wreck  buoys  in  the  open  sea,  or  in  the  approaches  to  a 
harbour  or  estuary,  shall  be  coloured  green,  with  the  word 
"  Wreck  "  painted  in  white  letters  on  them. 

When  possible,  the  buoy  shall  be  laid  near  to  the  side  of  the 
wreck  next  to  mid-channel. 
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'  When  a  wreck-marking  vessel  is  used,  she  shall,  if  possible, 
have  her  top  sides  coloured  green,  with  the  word  "  Wreck  "  in 
white  letters  thereon,  and  shall  exhibit — 

By  day :  Three  balls  on  a  yard  20  feet  above  the  sea,  two 
placed  vertically  at  one  end  and  one  at  the  other,  the 
single  ball  being  on  one  side  nearest  to  the  wreck. 
By  night :  Three  white  fixed  lights  similarly  arranged,  but 

not  riding  light. 
In  narrow  waters,  or  in  rivers,  harbours,  etc.,  under  the 
jurisdiction  of  local  authorities,  the  same  rules  may  be  adopted, 
or,  at  discretion,  varied  as  follows : — 

When  a  wreck-marking  vessel  Ls  used,  she  shall  carry  a  cross- 
yard  on  a  mast  with  two  balls  by  day  placed  hori- 
zontally not  less  than  6  feet,  nor  more  than  12  feet, 
apart,  and  two  lights  by  night  similarly  placed.     When 
a  barge  or  open  boat  only  is  used,  a  flag  or  ball  may  be 
shown  in  the  daytime. 
The  position  in  which   the  marking-vessel  is  placed  with 
reference  to  the  wreck  shall  be  at  the  discretion  of  the  local 
authority  having  jurisdiction. 

On  the  establishment  of  electricity  as  a  practical  illuminant, 
its  use  for  lighthouse  purposes  necessarily  engaged  the  attention 
of  the  Trinity  House.  About  the  same  time  a  considerable 
controversy  arose  as  to  the  respective  merits  of  oil  and  gas  as 
illuminants.  The  brilliant  lights  produced  by  a  gas-burner  in- 
vented by  Mr.  Wigham,  and  used  on  some  parts  of  the  Irish 
Coast,  obtained  a  very  strong  feeling  in  their  fovour  by  ship- 
owners. The  improvement  in  the  use  of  oil  by  the  burners 
introduced  by  Sir  James  Douglas,  combined  with  the  economy 
of  its  use,  gave  this  illuminant  great  advantages  over  either  of 
the  others. 

The  whole  matter  was  referred  by  the  Trinity  House  to  a 
committee,  and  elaborate  experiments  were  undertaken  at  the 
South  Foreland,  at  a  cost  of  £9000,  for  the  purpose  of  investi- 
gating the  relative  merits  of  oil,  gas,  and  electricity  as  illuminants. 
More  than  6000  observations  were  taken,  and  the  conclusion 
arrived  at  was  (1)  that  the  electric  light  was  the  most  powerful 
under  all  conditions ;  (2)  that  the  quadriform  gas  apparatus  and 
the  triform  oil  apparatus  were  about  the  same  power  when  seen 
through  revolving  lenses,  the  gas  being  a  little  better  than  the 
oil ;  (3)  that  through  fixed  lenses  the  superiority  of  the  gas-light 
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was  unquestionable — the  large  size  of  their  flame  and  their  near- 
ness together  gave  the  beam  a  more  compact  appearance;  (4) 
that  the  Douglas  gas-burner  was  more  efficient  than  the  Wigham 
burner ;  (5)  that  for  the  ordinary  necessities  of  lighthouse 
illumination  mineral  oil  was  the  most  suitable  and  economical 
illuminant ;  (6)  that  for  salient  headlands  and  places  where  a 
very  powerful  light  was  required,  electricity  offered  the  greatest 
advantages.  Subsequently  a  further  scientific  examination  of  the 
matter  was  made,  based  on  the  experiments  already  carried  out, 
by  Sir  George  Stokes,  Sir  William  Thompson,  and  Lord  Rayleigh. 
Their  report,  while  more  favourable  to  gas,  implied  that  this 
was  outweighed  by  the  greater  simplicity  and  economy  of  oil ; 
that  the  electric  light  far  exceeded  the  others  in  the  amount  of 
light  it  gave  out  even  in  fog  and  haze.  For  prominent  positions, 
where  the  light  is  used  to  guide  the  mariners  from  a  long 
distance,  the  electric  light  is  now  admitted  to  be  unquestionably 
the  best.  For  fixed  lights  not  requiring  the  same  far-reaching 
brilliancy,  oil,  firom  the  simplicity,  or  rather  absence,  of  all 
machinery  required  for  its  application,  still  holds  its  own ;  while 
in  situations  which  are  appropriate  to  the  construction  of  gas- 
making  apparatus,  gas  has  advantages,  especially  where  a  fixed 
intermittent  light  is  required,  by  the  facility  with  which  the 
gas-fiame  can  be  suddenly  turned  on  and  off. 

The  navigable  portions  of  tidal  channels  are  marked  out  by 
buoys  or  beacons  for  day  service,  and  by  lights  during  the  dark. 
These  buoys  and  beacons  are  placed  along  the  line  of  deep  water 
or  on  prominent  shoals  and  turns  in  the  channels.  No  rule  can 
be  laid  down  for  the  distance  apart  at  which  buoys  should  be 
placed.  This  varies  from  a  mile  and  a  half  in  a  wide  estuary, 
where  the  larger  class  of  buoys  are  used,  to  a  tenth  of  this 
distance  in  narrow  river  channels,  passing  through  sandy 
estuaries.  For  trained  channels  beacons  are  generally  fixed  on 
the  training  walls. 

Buoys  are  known  under  the  name  of  cone,  can,  nun,  spherical, 
or  pillar,  according  to  their  shape.  The  cone  buoy  floats  with 
the  broad  part  in  the  water,  having  the  cone  above  the  surface. 
The  can  buoy,  on  the  other  hand,  shows  a  flat  top  above  the 
water.  The  nun  buoy  is  pointed  at  both  ends,  having  the 
widest  part  in  the  centre,  about  the  line  of  flotation ;  it  is  light 
and  simple  in  construction,  easily  laid,  therefore  useful  in  shoal 
water  where  the  buoys  have  frequently  to  be  removed.     The 
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spherical  buoy,  as  its  name  denotes,  shows  a  sphere  above  the 
water.  The  pillar  buoy  is  the  shape  of  a  can,  having  a  pillar 
rising  above  the  flat  top.  The  method  of  making  these  difierent 
shapes  useful  as  sea-marks  has  already  been  described  in  the 
regulations  for  buoying.  Formerly  buoys  were  made  of  wood,  but 
as  in  the  case  of  ships,  wood  has  been  superseded  by  iron,  and  now 
steel  is  almost  universally  used  in  the  construction  of  new  buoys. 

The  object  to  be  kept  in  view  in  designing  the  shape  of  a 
buoy  is  that  it  shall  float  upright,  not  only  when  the  water  is 
still,  but  when  subject  to  waves  and  tidal  currents,  and  show 
as  large  a  portion  of  the  superstructure  as  possible  above  the 
water.  Long  narrow  buoys  coming  to  a  point,  and  having  the 
moorings  attached  to  this,  even  if  riding  upright  in  still  water, 
almost  invariably  lie  over  when  the  tidal  current  is  running, 
and  roll  considerably  in  rough  water,  making  them  bad  sea- 
marks. By  making  the  bottom  flat  and  hollow,  and  so  raising 
the  point  of  attachment  of  the  moorings,  less  strain  is  thrown 
on  the  mooring  in  rough  weather.  If  the  point  of  attachment 
is  raised  about  half  the  depth  of  the  floatation,  the  surface 
exposed  to  lateral  pressure  above  and  below  is  equalized.  The 
buoy,  therefore,  when  carried  over  by  the  current,  has  a  tendency 
immediately  to  right  itself,  and  if  properly  designed  rides  upright 
under  all  conditions. 

The  larger  class  of  buoys  exposed  to  rough  seas  are  divided 
into  two  watertight  compartments  by  a  diaphragm  plate,  which 
diminishes  the  liability  to  sink  when  injured.  They  may  also 
be  made  more  secure  by  having  strengthening  plates  at  the 
water-line,  where  the  buoy  is  most  subject  to  damage  from 
being  run  into.  The  following  may  be  taken  as  the  strength 
of  the  plates  in  general  use  by  the  Trinity  House.  The  steel 
specified  is  to  have  an  ultimate  tensile  strength  of  30  tons  to 
the  inch,  and  a  mean  contraction  of  not  less  than  50  per  cent, 
at  the  point  of  fracture.  For  the  larger  buoys,  spherical  or 
conical,  12  feet  and  10  feet  in  diameter,  the  plates  are  specified 
to  be  of  the  following  thickness :  spherical  portion  and  bulkhead, 
yV  inch;  waist,  j^  inch;  bilge,  f  inch;  sides  of  the  concave 
bottom,  J  inch ;  crown  of  bottom,  i  inch.  For  the  small  buoys 
ranging  from  8  feet  to  5  feet,  the  thickness  is  the  same  except 
the  sides  and  concave  bottom,  which  are  |  inch,  and  crown  of 
bottom  f  inch.  The  plates  are  single  riveted,  the  rivets  having 
2]^  inch  pitch. 
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The  buoys  are  tested  with  water  to  a  pressure  of  from  5  lbs. 
to  7  lbs.  per  square  inch.  Buoys  in  sheltered  estuaries  and 
tidal  rivers  may  be  made  of  lighter  plates  than  those  in  use  by 
the  Trinity  House.  Buoys  are  provided  with  a  manhole  in  the 
upper  part  for  the  purpose  of  riveting  in  the  first  instance,  and 
for  any  subsequent  repairs.  For  large  buoys  the  cover  should 
be  i  inch  thick,  with  inside  strengthening  ring  2J  inch  by 
f  inch,  the  door  being  held  in  position  by  J-inch  set  screws 
spaced  3  inches  apart.  The  joint  is  made  with  vulcanized  india- 
rubber  washer  2^  inch  by  \  inch.  The  mooring  ring,  having 
4-inch  eye,  is  made  from  Low  Moor  iron  not  less  than  2  inches 
diameter  for  the  larger  buoys  and  \\  inch  for  the  smaller,  and 
IS  riveted  to  three  cross-bars  or  a  strengthening  plate  9  inches 
in  diameter  by  \  inch  thick,  fixed  to  the  bottom  plate  of  the 
buoy  by  |-inch  rivets ;  where  there  is  a  diaphragm  the  shaft  of 
the  ring  is  stayed  to  the  plate.  The  cap  at  the  top  is  made 
of  |-inch  plate,  to  which  is  attached  a  lifting  ring  \\  inch  in 
diameter.  A  brass  ferrule  is  tapped  into  one  of  the  plates  fitted 
with  screw  plug,  for  the  purpose  of  attaching  fittings  for  testing 
the  buoy.  After  the  buoy  is  completed  and  tested  it  should  be 
gently  and  uniformly  heated,  and  while  warm  coated  externally 
and  internally  with  linseed  oil,  and  afterwards,  when  dry,  painted 
outside  with  oxide  of  iron  paint. 

The  weight  of  a  steel  buoy  of  the  Trinity  House  pattern, 
with  diaphragm  and  strengthening  plate  at  the  water-line,  10 
feet  high  and  7  feet  9  inches  in  diameter,  is  about  35  cwt.,  and 
of  a  buoy  8  feet  high  22  cwt.  The  price  at  which  they  can  be 
made  may  be  taken  at  £1  15$.  per  cwt.,  when  steel  plates  are 
worth  £8  108.,  making  the  cost  of  a  10-feet  buoy  £61,  and  of 
8-feet  buoy  £38  10«.  For  small  buoys,  the  material,  bearing  a 
less  proportion  to  the  workmanship,  the  price  will  be  greater. 

The  cone  buoy  shown  in  Fig.  36  is  of  lighter  construction, 
and  has  no  dividing  plate  inside.  The  weight  of  this  buoy, 
10  feet  high  and  7  feet  3  inches  diameter,  with  side  plates  \  inch 
thick,  bottom  plates  f  inch,  and  upper  -^  inch,  is  17|  cwt.,  and 
of  8-feet  buoy  is  13i  cwt. 

The  can  buoy,  Fig.  37,  with  crown  plate  \  inch,  side  plates 
1^  inch,  and  bottom  plate  \  inch,  weighs  if  6  feet  high  5f  cwt, 
and  if  4  feet  2^  cwt. 

The  can  buoy,  Fig.  38,  7  feet  3  inches  high  and  6  feet  widest 
diameter,  made  to  match  the  cone  buoy.  Fig.  36,  weighs  13}  cwt. 
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The  spider-legged  buoy,  illustrated  in  Fig.  39,  shows  very 
prominently  above  the  water,  and  is  adapted  to  mark  the 
entrance  to  an  estuary  on  the  starboard  side.    When,  however, 
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there  is  much  sea,  this  form  of  buoy  is  difficult  to  lay  owing 
to  the  encumbrance  of  the  legs.  A  steel  buoy  of  this  form  10 
feet  'high  only  draws  9  inches  of  water,  thus  leaving  nearly  the 
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whole  of  the  structure  above  the  water,  and  the  buoy  always 
maintains  a  vertical  position.  The  buoy  shown  in  Fig.  39  has 
plates  of  the  following  thickness :  the  side  plates  are  \  inch ; 
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crown  plate,  \  inch ;  bottom  plate,  ^  inch ;  hoop,  2^  inches  by 
I  inch;  legs,  2  inches  diameter;  mooring-ringr,  4-inch  eye  and 
2^  inches  diameter ;  eye  of  top  ring,  2  inches  by  1^  inch  diameter. 
The  weight  of  the  buoy,  6  feet  high  and  5  feet  6  inches  diameter, 
is  8  cwt.  1  qr.  13  lbs. ;  and  of  the  hoop  and  legs,  3  cwt  3  qr. 
15  lbs. ;  and  the  cost,  £21  7^.  6d 

Special-shaped  buoys  are  made  for  marking  the  entrance  to 
channels ;  of  these  an  example  of  a  pillar  buoy  is  given  in  Fig. 


£/«v«/ia»i.    Section. 

Sph$niea/  Buoy 
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40.    The  spherical  buoy  used  by  the  Trinity  House  is  shown 
in  Fig.  41. 

For  marking  any  dangerous  shoals  or  the  junction  of  channels 
bell  buoys  are  frequently  used,  the  noise  from  these  being  heard 
in  foggy  weather  when  the  buoy  is  invisible.  The  bell  is 
attached  to  the  top  of  a  spherical  buoy,  four  clappers  being  so 
hung  to  a  frame  that  with  the  slightest  .roll  of  the  buoy  one  of 
them  is  certain  to  hit  the  bell.  The  illustration  in  Fig.  42  is 
from  a  design  of  buoy  10  feet  in  diameter,  used  by  the  Trinity 
House.  The  upper  frame  is  made  of  wrought-iron  tubes  4 
inches  diameter  by  f  inch  thick;  a  7-inch  plate  is  secured  to 
each  leg  and  provided  with  indiarubber  buSer  for  the  clapper 
to  strike  against.     The  clappers  are  of  wrought-irou,  the  ball 
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weighing  14  lbs.,  turned  and  forged  to  the  end  of  a  rod  1\  inch 

diameter.     The  forked  ends  of  the  clappers  are  forged  with 

solid  steel  eyes.     The  clapper 

has  two  points  of  suspension, 

and  therefore    acts    without 

guides.    A  full-sized  bell  buoy 

weighs  about  65  cwt.,    and 

costs  £150.     It   requires   an 

inch  chain  and  24-cwt.  sinker 

to  hold  it  in  place,  if  there  is 

much  run  of  tide. 

Buoys  require  cleaning  and 
painting  at  least  once  a  year, 
and  in  some  situations  more 
frequently.  Tar  withstands 
the  corrosive  action  of  the  salt 
water  better  than  paint,  and 
this  may  be  used  for  the  black 
buoys,  and  for  the  bottom  of 
the  painted  buoys  up  to  the 
water-line.  For  those  marked 
in  colours,  the  special  paints 
made  by  the  Silicate  Paint  Company  or  the  Torbay  Paint 
Company  resist  the  action  of  the  salt  water  better  than  the 
ordinary  paint  having  lead  for  a  basis.  These  buoys  should  be 
galvanized. 

The  paint  on  iron  buoys  is  apt  very  soon  to  become  dirty, 
especially  where  white  is  used,  from  the  rust.  To  prevent  this, 
a  wash  of  Portland  cement  applied  to  the  buoy  after  the  rust 
has  been  scraped  off  will  be  found  not  only  a  preservative  to 
the  plates,  but  assist  in  keeping  the  paint  clean.  On  a  tarred 
buoy  a  dusting  of  cement  while  the  first  coat  of  tar  is  wet  will 
be  found  also  to  harden  the  surface  and  prevent  rusting. 

Buoys  are  moored  by  chains  held  in  place  either  by  sinkers 
or  mushroom  anchors.  The  length  of  chain  allowed  may  be 
taken  generally  as  from  two  to  three  times  the  depth  of  the 
water  at  high  water  in  which  the  buoy  is  moored.  With  plenty 
of  chain  the  buoy  is  less  subject  to  sudden  jerks  in  rough 
weather.  If  the  chain  is  too  short,  not  only  is  a  greater  strain 
thrown  on  the  buoy,  but  it  is  apt  to  drag  its  moorings  and 
become  displaced.     The  10-feet  buoys  require,  in  exposed  situa- 
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tioDB,  a  1-inch  chain,  the  links  of  which  are  6  inches  x  Z\  inches, 
proved  to  a  strain  of  12  tons.  For  the  next-sized  buoys  J-inch 
chains  may  be  used,  having  links  5^  inches  x  3*15  inches,  proved 
to  a  strain  of  7  tons.  For  the  second-class  buoys,  6  feet  to  8  feet 
high,  ^inch  chain  is  sufiicient,  with  links  375  inches  X  225 
inches,  proved  to  a  strain  of  4^  tons ;  and  for  small  4-feet  bnoys, 
^-inch  chain  with  3  inches  X  1'8-inch  links,  proved  to  a  strain 
of  3  tons.  Where  the  buoy  and  chain  lies  dry  at  low  wat^, 
6  fathoms  of  chain  is  sufficient.  The  weight  of  the  1-inch  chain 
ia  54  lbs.  per  fathom ;  of  the  J-inch,  40  lbs. ;  g-inch,  21  lbs. ;  and 
4-inch,  14  lbs. 

Chains  are  made  of  three  qualities,  known  respectively  as 
BBB,  BB,  and  B.  The  first  is  used  for  aU  the  best  class  of 
shipping,  and  by  the  Trinity  House  for  their  buoys  and  light- 
ships. For  buoys  in  rivers  and  estuaries  the  BB  quality  is 
sufficiently  good,  and  costs  10  to  20  per  cent,  leas  than  the  beet 
quality.  The  strains  given  above  are  for  the  second  quality. 
The  price  of  chain  varies  with  that  of  iron,  but  it  may  be  taken 
at  from  15s.  to  20fi.  per  cwL,  according  to  the  size,  for 
the  BB  quality. 

The  chains  are  furnished  at  the  end  next  the  buoy 
with  swivels,  to  allow  of  the  free  play  of  the  buoy 
without  twisting  the  chain,  the  swivels  being  coupled 
to  the  ring  of  the  buoy  by  shackles;  similar  shackles 
are  also  used  for  attaching  the  chains  to  the  rings  of 
the  sinkers.  An  example  of  a  swivel  is  shown  in 
Fig.  43.  The  metal  is  \  inch  to  \  inch  thicker  than 
the  chains  to  which  they  are  attached.  The  weight 
of  shackles  for  1-inch  and  ^-inch  chain  is  28  lbs.,  and 
for  j-inch  and  ^inch  13  lbs.,  and  for  ^inch  chain 
9  lbs.  Buoy  shackles  are  made  with  the  eye  swollen 
out,  as  shown  by  the  top  shackle  in  Fig.  43 ;  this 
allows  the  buoy  freer  movement,  and  causes  less  wear. 
In  this  example,  the  bolt  of  the  shackle  is  retained  in 
its  place  where  it  passes  through  the  shank  by  an 
oak  pin.  Smaller  shackles  are  made  with  screw  pins. 
For  10-feet  buoys  moored  with  1-inch  or  |-inch  chain, 
a  shackle  \\  inch  thick,  10  inches  long,  4  inches  wide 
^*  *•■  inside  at  the  top,  and  3i  inches  at  the  bolt,  which  is 
liinch  by  \\  inch,  weighs  11  lbs.  For  the  second-sized  buoys 
moored  with  J-inch  or  |-inch  chain,  a  shackle  1  inch  thick. 
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8J  inches  long,  3J  inches  and  3  inches  wide,  with  bolt  If  inch 
by  I  inch,  weighs  7  lbs. 

For  coupling  the  chains,  screw  shackles  with  straight  sides 
(Fig.  44)  weigh  for  1  inch  thick  3  lbs.,  and  for  J  inch  thick  2  lbs. 
For  small  buoys  using  J-inch  chain,  shackles  \  inch  thick,  7  inches 
long,  3  inches  and  2 J  inches  wide,  with  |-inch  screw  bolt,  weigh 
3J  lbs.  The  swivels  weigh  respectively,  for  first  size,  1|  inch 
thick,  28  lbs. ;  second  size,  13  lbs. ;  small  size,  9  lbs.  The  Trinity 
House  buoys  are  held  in  position  by  cast-iron  sinkers  (Fig.  45). 
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These  weigh  from  14  to  16  cwt.  for  the  8-feet  and  10-feet  buoys. 
The  mushroom  anchor,  shown  in  Fig.  46,  is  a  very  effective 
mooring,  and  rarely  drags.  The  mushroom  part  is  of  cast  iron, 
and  the  shank  of  wrought  iron.  The  large  size,  2  feet  in 
diameter,  with  2|-inch  shank,  3  feet  6  inches  long,  and  3^- 
inch  eyebolt,  metal  in  thickest  part  If  inch,  weighs  If  cwt.; 
the  second  size,  1  foot  6  inches  in  diameter,  with  2-inch  shank, 
weighs  \\  cwt. ;  and  the  third  size,  14  inches,  with  If-inch  shank, 
weighs  }  cwt.  A  buoy  when  properly  moored  seldom  breaks 
adrift.  The  greatest  danger  arises  from  ice,  when  large  drifts 
are  sent  out  of  the  rivers  at  the  breaking  up  of  a  long  and  hard 
frost 

For  lighting  the  channel  leading  to  New  York  harbour, 
between  Sandy  Hook  and  Coney  Island,  a  system  of  electric 
buoys  has  been  adopted.  The  buoys,  made  of  wood  50  feet  long 
and  15  inches  diameter,  are  shackled  to  a  cast-iron  sinker  weigh- 
ing 2  tons.  A  cable  from  the  shore  is  led  up  to  an  electric  light 
on  the  top  of  each  of  the  buoys,  the  power  being  supplied  from 
one  station  at  Sandy  Hook. 

Mooring  Buoys. — In  Fig.  47  is  given  an  illustration  of  a 
wrought-iron  floating  mooring  buoy  for  fixing  in  a  tidal  channel 
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The  plates  are  |  inch  thick,  single  riveted,  with  l|-inch  over* 
lap,  the  rivets  having  2^-inch  pitch.  The  man-hole  is  fastened 
to  the  plate  with  J-inch  bolts,  bedded  on  with  red  lead.  The 
spindle  or  centre  beu*  is  3  inches  diameter,  passing  through  the: 


Fxo.  47. 


buoy  in  a  tube,,  so  that  the  buoy  can  revolve  round  the  spindle. 
There  are  two  3-inch  wrought-iron  mooring  rings  1  foot  3  inches 
diameter.  The  chain  has  2J-inch  stud  link.  This  buoy  weighs 
3  tons. 

The  mooring  to  which  the  buoy  is  attached  consists  of  cast^ 
iron  screw  having  flanges  4  feet  in  diameter,  9-inch  pitch,  with 
shaft  5  inches  in  diameter,  and  3-inoh  wrought-iron  shackle,, 
with  4-inch  bolt.  The  weight  is  about  21J  cwt.  The  screw 
is  screwed  into  the  bed  of  the  channel  from  8.  fee^t  to  10  feeb 
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deep,  where  the  soil  is  fairly  good  holding  ground.  In  soft  and 
yielding  soil  it  may  be  necessary  to  go  down  15  feet  to  20  feet. 
The  screws  are  screwed  down  with  the  mooring-chain  attached 
by  means  of  a  wrought-iron  shaft,  having  a  socket  at  the  bottom 
fitting  on  to  the  square  head  of  the  screw,  and  keyed  at  the  top 
to  a  capstan,  fixed  upon  a  platform,  laid  upon  two  barges  placed 
side  by  side.  The  shaft  is  made  in  lengths  of  10  feet,  connected 
by  key  joints. 

Liglding, — ^There  are  three  systems  in  use  for  intensifying 
the  lights  of  the  lamps  used  in  floating  or  fixed  beacons.     By 

the  catoptric  system  the  light  is  re-    

fleeted  by  a  silvered  copper  parabolic    4\N 

reflector,  by  means  of  which  the  beams  i*^*^^. 

of  light  are  brought  into  parallel  rays    ^  ^  l.----r->^ 

sent  in  the  direction  desired.     By  the    iJL^'y^ 

dioptric  system  the  diverging  rays  of  i — ~^ 

light  are  bent  in  the  direction  required 

by  refraction,  the  flame  being  placed  in  the  focus  of  a  glass  lens, 

by  means  of  which  the  diverging  rays  are  bent  parallel  to  each 

other  so  as  to  form  one  solid  beam  of  light,  as  sho\rn  in  the 

diagram  (Fig.  48).     The  third,  or  catadioptric,  consists  of  a 

combination  of  the  other  two. 

Lights  are  classified  by  orders,  depending  on  the  height  and 
diameter  of  the  apparatus.  The  first  three  orders  are  used  for 
sea  or  coast  lights.  The  fourth  order  is  the  largest  used  for 
harbour  lights,  and  has  an  internal  radius  or  focal  distance  of 
9*84  inches,  making  the  diameter  of  the  apparatus  19*68  inches, 
the  height  of  glass  being  2911  inches  (the  original  figures  are 
metric);  the  fifth  order  has  a  diameter  of  1476  inches,  and  a 
height  of  21*83  inches ;  the  sixth  a  diameter  of  11*87  inches,  and 
a  height  of  17*46  inches.  For  ^mailer  lights  than  these,  the  glass 
for  the  lens  is  made  in  one  piece.  For  harbour  lights,  where  it 
is  not  necessary  to  show  the  light  all  round  the  horizon,  a  dioptric 
lens  covering  only  the  part  which  is  required  to  be  lighted  is 
used,  having  a  parabolic  plated  reflector  at  the  back ;  this 
arrangement  gives  a  greater  vertical  divergence  to  the  rays,  which 
enables  the  lights  to  be  kept  in  sight  when  approaching  near  to 
them,  a  necessity  where  the  lights  are  used  as  leading  lights. 

For  the  fourth  order  a  two- wicked  burner  Y^  inch  diameter 
is  used,  and  for  the  other  orders  a  single  wick,  which  consumes 
about  three-quarters  of  a  pint  of  oil  per  night 
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A  red  tinge  is  given,  when  necassary  to  avoid  confasion,  by 
the  use  of  a  coloured  chimney  to  the  lamp,  or  by  allowing  the 
light  to  pass  through  a  sheet  of  coloured  glass.  A  red  light  can 
only  be  seen  at  about  half  the  distance  of  a  white  light,  the  pro- 
portion, found  by  practical  experiment  by  Professor  Tyndall, 
being  as  21  is  to  9.  Green  colour  absorbs  even  a  larger  propor- 
tion of  the  light,  and  lanterns  showing  this  colour  are  only 
suitable  as  distinguishing  marks  on  pier-heads,  bridges,  or 
similar  situations. 

From  tests  as  to  the  visibility  of  white,  red,  and  green  lights, 
made  at  the  Long  Beach  light-station,  near  New  York,  by  the 
United  States  Lighthouse  Board,  to  determine  the  respective 
values  of  these  colours  for  ship's  lights,  it  was  found  that  on  a 
clear  night,  at  a  distance  of  one  mile,  the  white  light  with  one 
candle-power  was  clearly  visible ;  the  red  light  was  barely  visible 
with  2*20  candle-power ;  and  the  green  light  with  2*10  was  very 
faint.  At  two  miles  the  red  light  was  barely  visible  with  57o 
candle-power,  and  the  green  could  only  be  seen  indistinctly 
with  10*50 ;  and  it  required  a  candle-power  of  29  to  make  the  red 
and  green  lights  visible  at  this  distance,  while  3  was  sufficient 
for  the  white  light.  At  four  miles  the  red  with  34,  the  green 
with  42,  and  the  white  with  10,  were  invisible  to  the  naked  eye. 
At  five  miles  the  white  with  29  was  faintly  visible,  and  with  33 
clearly  visible.  On  a  cloudy  night  at  one  mile,  the  red  light  at 
1*45  candle-power  was  indistinctly  visible,  while  the  green  light 
required  2*10  candle-power  to  become  faintly  visible,  and  the 
white  light  required  only  1*04  candle-power  to  be  seen  satis- 
factorily. At  two  miles  the  red  light  was  barely  discernible  at 
575,  and  the  green  light  indistinctly  visible  at  10*50,  and  42*40 
was  the  least  power  for  a  clear  colour.  The  red  light  was 
distinct  at  two  miles  at  a  candle-power  of  23*60 ;  the  white  light 
at  three  miles  distinct  at  3*20,  at  four  miles  with  5*60,  and  five 
miles  17*50.  As  a  result  of  the  trials,  it  was  recommended  that 
a  white  light  of  one  candle-power  could  be  used  for  one  mile 
distances;  2  candle-power  for  two  miles;  30  candle-power  for 
five  miles.  For  the  red  and  green  light,  4  candle-power  should 
be  used  for  one  mile,  40  for  two  miles. 

The  height  a  light  should  be  placed  above  the  level  of  the 
sea  to  be  seen  at  a  given  number  of  miles,  may  be  found  by  the 
following  formula : — 


I«^lll^^ 
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Miles^  X  4 

= =  height  in  feet. 

Thus  if  the  distance  required  be  10  miles — 

10^X4      _^^  ^   ^ 
— = —  =  5714  feet. 

Beacon  lights  on  the  coast  were  formerly  supplied  by  the 
burning  of  wood  and  coal  in  iron  grates.  At  the  present  time, 
oil,  gas,  and  the  electric  light  supply  the  light.  The  first  floating 
light  was  supplied  with  candles  in  a  glass  lantern  suspended 
from  the  yards  of  a  vessel  moored  in  the  Nore  in  1732.  The 
candles  were  subsequently  superseded  by  lamps  burning  fish  oil, 
the  lanterns  being  hung  from  the  yards.  Mr.  Robert  Stevenson, 
at  the  beginning  of  the  present  century,  adopted  the  plan  now 
generally  in  use,  of  a  lantern  surrounding  the  mast,  which  can 
be  raised  or  lowered  for  cleaning  and  trimming.  This  was 
further  improved  by  the  use  of  the  catoptric  system,  and  by 
hanging  each  lantern  and  reflector  on  gimbals.  The  flat  wick 
burner  gave  way  to  the  Argand,  which  has  been  fiirther  im- 
proved. The  burner  invented  by  Sir  James  Douglas  consists 
of  three  or  more  concentric  wicks,  increasing  the  intensity  of  the 
light  from  500  to  6000  candle-power.  The  lights  on  the  new 
Eddystone  Lighthouse  are  equal  to  160,000  candle-power. 

Sperm  oil,  which  was  formerly  used,  was  superseded  by  colza 
oil,  and  this  has  given  place  to  mineral  oil.  Colza  oil  is  oon- 
sidered  more  safe  than  mineral  oil,  but  it  is  double  the  price,  and 
requires  greater  heat  to  produce  the  vapour,  and  is  more  difficult 
of  application,  as  it  must  be  forced  up  to  the  burning  point,  so 
that  it  may  just  flow  over  the  edge  of  the  burner,  a  necessity 
not  required  with  mineral  oil,  which  will  flow  up  the  wick  in 
sufiicient  quantity  by  capillary  action  alone,  except  in  the  lights 
of  high  power.  Mineral  oil  gives  a  more  brilliant  light  than 
vegetable,  and  does  not  congeal  except  at  a  very  low  tempera- 
ture. Lamps  using  the  best  kind  of  mineral  oil  will  bum  for  a 
very  long  time  without  the  wicks  being  cut  or  trimmed,  and,  in 
fact,  not  requiring  any  other  attention  than  the  lighting  and  put- 
ting out.  Lamps  constructed  on  the  Argand  principle  range  up 
to  2000  unassisted  candle-power.  The  more  powerful  lights  have 
as  many  as  ten  concentric  wicks,  the  oil  being  maintained  at  a 
constant  level  of  from  two  to  three  inches  below  the  flame.  The 
structure  and  material  of  the  wick  and  the  adjusting  mechanism 
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is  so  perfectly  adapted  to  the  oil  that  these  lights  will  go  on 
burning  for  five  hundred  hours  without  trimming. 

The  lights  used  in  estuaries  and  tidal  rivers  consist  of  floating 
lights  for  marking  the  course  of  the  navigation ;  beacon  lights 
for  marking  prominent  points ;  and  leading  lights  for  marking 
the  entrance  to  rivers,  or  the  course  along  the  reaches  of  confined 
and  winding  channels.  The  vessels  used  for  floating  lights  being 
in  sheltered  positions,  are  of  a  smaller  character  than  those  used 
for  sea  lights. 

The  "Bar  Flat  Light,"  maintained  by  the  Corporation  of 
Lynn  at  the  upper  end  of  Ljmn  Deeps,  to  denote  the  entrance  to 
the  Ljmn  and  Wisbech  channels,  may  be  taken  as  an  example  of 
an  estuary  light  maintained  by  a  local  authority.  This  is  an  iron 
vessel,  74  feet  long  by  19  feet  beam,  and  drawing  8  feet  of  water, 
and  has  ample  accommodation  for  the  crew.  The  light  is  provided 
by  three  Argand  lamps  burning  in  a  lantern  surrounding  the 
mast,  and  provided  with  dioptric  lenses  protected  by  plate  glass. 
The  light  is  visible  at  a  distance  of  eight  miles.  The  lamps  are 
hung  on  gimbals,  and  the  lanterns  can  be  lowered  for  cleaning 
and  trimming.  The  lamps  bum  crystal  oil,  which  costs  about 
£12  a  year.  A  gong  is  provided  for  signalling  in  foggy  weather. 
The  crew  consists  of  captain,  mate,  and  two  hands ;  the  captain, 
or  mate,  and  two  hands  being  always  on  board,  and  the  relief 
men  employed  at  the  buoy  yard  when  in  harbour.  The  cost  of 
the  vessel  was  £2500,  and  of  the  light  £265.  The  annual  cost  of 
wages  and  maintenance  is  about  £560,  and  the  charge  for  interest 
and  repayment  of  loan  £140,  making  the  total  cost  £700  a 
year.  The  cost  of  maintenance  is  met  by  a  toll  of  a  halfpenny  per 
ton  register  on  all  vessels  passing  or  using  the  light,  which  the 
Corporation  are  authorized  to  take  under  an  order  of  council. 

Lightships  in  English  waters  are  always  painted  red,  and 
carry  a  ball  at  the  masthead.  Small  lightships  are  moored  by  a 
bridle  having  l^inch  chain  attached  to  a  mushroom  anchor 
weighing  about  30  cwt. 

Li  channels  leading  to  small  harbours  the  navigation  is  much 
facilitated  if  a  floating  light  can  be  provided  to  mark  the  way 
during  the  dark  tides  in  winter,  say  from  September  to  March. 
For  such  positions,  if  well  sheltered,  a  small  boat  of  about  twenty 
tons,  having  a  crew  of  one  man  and  a  boy,  is  sufficient  for  the 
purpose.  The  crew  can  be  relieved  once  a  fortnight  from  the 
men  employed  in  the  harbour.   A  floating  light  of  this  description 
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lias  been  used  by  the  author  in  the  channel  leading  from  Lynn 
Well  to  Boston  Deeps^  enabling  the  continental  steamers  and 
steam  fishing-trawlers  to  navigate  the  channel  and  reach  Boston 
-dock  at  the  night  tides,  which  otherwise  they  would  have  been 
unable  to  do. 

The  light  consists  of  a  lamp  having  a  Hincks  l^inch  duplex 
burner  protected  by  a  glass  chimney.  The  lamp  is  enclosed  in  a 
copper  lantern,  having  a  circular  dioptric  lens  12  inches  in 
diameter  and  12  inches  high.  The  lamp  bums  two  pints  of 
mineral  (crystal)  oil  in  a  winter's  night,  and  is  visible  in  ordinary 
weather  at  eight  miles'  distance.  The  light  is  visible  on  all  sides. 
The  lantern  is  suspended  on  gimbals  in  an  iron  frame,  which 
slides  on  an  iron  rod  supported  by  a  light  wrought-iron  skeleton 
tower  35  feet  high,  and  lowers  into  a  wooden  hut  at  the  bottom 
for  lighting  and  cleaning.  A  small  masthead  light  is  also  hung 
ail.  This  light  is  fixed  on  an  old  schooner  purchased  for  the 
purpose.  The  cost  of  a  suitable  iron  vessel  would  be  about 
£400.  The  main  light  and  lantern  cost  £15 ;  the  smaller  riding 
light,  258.  By  this  arrangement  a  single  lantern  is  sufficient  as 
against  the  three  required  where  the  light  is  arranged  round  the 
mast     The  annual  cost  of  this  light- vessel  is  as  follows : — 

Wages,  including  relief  men  for  thirty  weeks,  £56;  fifty 
gallons  of  oil,  including  that  used  in  the  cabin,  £1  158.  5d ; 
coal,  £5 ;  or  say  £62  for  the  seven  months,  September  to 
March. 

The  boat  carrying  the  light  rides  in  two  fathoms  at  low 
water,  and  h\  at  high  water,  and  swings  with  the  tide,  being 
moored  in  a  bridle.  The  ground  chain  is  {  inch  thick,  120 
fathoms  long,  moored  at  each  end  by  a  mushroom  anchor ;  from 
the  centre  of  the  ground  chain  a  length  of  ten  fathoms  goes  to 
the  vesseL  By  this  arrangement  the  short  length  of  the  veering 
chain  requires  a  less  distance  for  the  vessel  to  swing  in  than  if  it 
were  moored  to  a  single  anchor — ^a  great  advantage  in  a  narrow 
channel 

In  foggy  weather,  bells,  gongs,  or  fog-horns  are  used  on  board 
lightships  to  indicate  their  position.  The  beUs  and  gongs  are 
hung  on  deck,  but  so  arranged  that  the  man  sounding  them  can 
remain  below  under  shelter.  In  the  laige  stations  on  the  coast 
the  fog-horns  and  syrens  are  worked  by  gas-engines,  and  can  be 
heard  at  very  long  distances.  For  lightships  in  protected  estu- 
aries a  small-class  fog-horn  is  made,  worked  by  hand.    Hansen's 
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Norwegian    fog-horn    is    useful    for    this    purpose,   and    costs 
only  £2  10a. 

The  "Sirenette,"  supplied  by  the  Pulsometer  Engineering 
Company,  is  adapted  for  use  on  light-vessels  and  in  situations 
where  only  hand-power  is  available.  The  machine  consists  of  an 
air-cylinder,  pump,  and  syren,  and  requires  two  men  to  work  it. 
The  sound  can  be  heard  in  foggy  weather  at  a  distance  of  from 
two  to  three  miles ;  the  price  is  £100.  A  larger  machine,  consist- 
ing of  a  caloric  engine  air-receiver,  and  automatic  sounding-gear 
and  syren,  costs  £250. 

Beacon  Lights — In  rivers  having  straight  reaches,  like  the 
Clyde  and  the  Tees,  the  channel  is  marked  by  fixed  lights  on 
the  top  of  stone  beacons.  These  lights  are  now  supplied  by 
compressed  gas,  and  consequently  do  not  require  daily  attention. 
On  the  Thames  Sir  James  Douglas  has  adopted  wrought-iron 
framing  for  two  lighthouses  erected  in  1885,  one  at  Broadness, 
near  Grays,  and  the  other  at  Stoneness,  opposite  Qreenhithe. 
The  light  at  Broadness  is  provided  by  compressed  gas,  supplied 
from  the  works  belonging  to  the  Trinity  House  at  BlackwaUL 
The  gas  is  stored  in  two  steel  gasholders,  having  a  collective 
capacity  of  280  cubic  feet.  The  consumption  of  gas  is  at  the 
rate  of  2*2  cubic  feet  per  hour.  The  intensity  of  the  light  is 
equal  to  50  candles.  The  holder  will  keep  the  light  burning  for 
636  hours.  The  light  flashes  at  intervals  of  ten  seconds,  the 
apparatus  for  producing  the  flashes  being  moved  by  clockwork. 
The  cost  of  the  house  and  light  complete  was  £945,  and  the 
annual  cost  of  maintenance  £124.  The  light  at  Stoneness  is 
produced  by  the  combustion  of  spirit  of  petroleum.  The  spirit 
is  stored  in  a  cistern  in  the  building,  capable  of  holding  a 
fortnight's  supply,  and  flows  to  the  lamp  by  gravitation.  The 
spirit  is  vaporized  by  the  heat  of  the  light,  and  continues 
burning  without  attention  as  long  as  the  supply  lasts,  and  its 
use  is  therefore  adapted  to  cases  of  single  or  isolated  lights^ 
where  the  production  and  conveyance  of  compressed  gas  is  not 
practicable.  The  main  objection  to  this  form  of  light  is  the 
great  danger  arising  from  the  low  temperature  at  which  the 
petroleum  vaporizes,  being  only  a  little  above  that  of  the  atmo- 
sphere in  summer.  The  intensity  of  the  light  is  about  sixteen 
candles,  increased  by  a  dioptric  lens  to  sixty  candles.  The  cost 
of  the  structure  and  light  was  £711,  and  the  annual  cost  of 
maintenance  £92.    A  more  detailed  description  of  these  lights 
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and  a  drawing  of  the  structure  will  be  found  in  the  paper  by- 
Mr.  Ayres  in  the  ninety-third  volume  of  Proceedinga  of  the 
Institution  of  Civil  Engineers. 

The  light  adopted  at  Stoneness  is  known  as  the  Lindberg 
system^  having  been  invented  by  Herr  Lindberg,  an  engineer  of 
the  Swedish  Lighthouse  Board,  whose  patent  rights  are  repre- 
sented in  this  country  by  Messrs.  J.  Trotter  &  Co.,  of  London. 
By  aid  of  this  apparatus  an  occulting  light  can  be  provided 
without  the  use  of  clockwork,  and  a  light  sustained  for  several 
days  without  the  cost  of  making  and  conveying  compressed 
gas.  For  an  occulting  light,  the  revolutions  are  caused  by  the 
heat  from  the  lamp,  and,  therefore,  as  long  as  the  lamp  keeps 
burning  the  apparatus  will  revolve.  The  illuminating  medium 
is  ly  thene  oil,  which  costs  Is.  9d.  a  gallon,  for  which  a  specially 
constructed  burner  is  used ;  or  when  this  oil  cannot  be  obtained, 
or  when  a  stronger  light  is  required  than  the  burners  give,  a 
burner  to  consume  ordinary  paraffin  oil  can  be  used,  which  will 
bum  for  a  week  without  attention.  These  lights,  as  used  in 
Sweden  for  beacon  lights,  are  placed  in  wooden  towers,  which 
cost  about  £45;  the  cost  of  the  apparatus  for  a  sixth-order 
revolving  light  and  fixing  being  about  £100. 

Leading  Lights, — ^The  approach  to  a  channel  is  frequently 
marked  by  two  lights,  which,  when  in  a  line,  lead  direct  to  the 
entrance ;  and  the  same  plan  is  used  for  facilitating  the  navigation 
of  winding  reaches  of  river  channels.  For  river  work  these 
lights  may  be  placed  about  20  chains  apart,  and  the  back  light 
should  be  at  least  10  feet  above  the  other. 

Fig.  49  shows  an  economical  form  of  lighthouse,  designed 
and  used  by  the  author  for  this  purpose.  The  light  is  supplied 
by  a  circular  burner  of  the  Def  ries  pattern,  having  a  wick  3  inches 
in  circumference  enclosed  in  a  glass  chimney.  The  lantern  has 
a  semicircular  dioptric  lens  18  inches  high  by  10^  inches  wide  in 
front,  and  parabolic  silvered  copper  reflector  at  the  back,  and  is 
suspended  from  a  bracket  projecting  from  two  uprights  attached 
to  the  house,  and  kept  in  place  by  guiding-rods.  The  lamp 
consumes  less  than  a  pint  of  mineral — crystal  oil — ^in  a  long 
winter's  night,  and  is  visible  in  ordinary  weather  at  a  distance 
of  five  miles.  The  lantern  lowers  on  to  a  table  by  means  of 
a  small  winch  and  chain,  and  can  then  be  drawn  into  the  house 
through  a  shutter  for  trimming  and  lighting.  The  lantern 
remains  in  the  house  when  not  in  use.     The  oil  for  filling  the 
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lamps  is  contained  in  a  galvanized  iron  drum  holding  twenty 
gallons,  and  so  hung  on  a  cast-iron  frame  that  it  always  assumes 
a  vertical  position,  the  tap  being  at  the  top.  When  oil  is 
required  the  drum  is  drawn  forward,  and  the  lamp  filled  from 
the  tap.  The  position  of  the  tap  provides  against  all  risk  of 
leakage  and  waste.  The  framework  of  the  house  is  of  fir,  and 
the  sides  and  roof  are  covered  with  galvanized  iron.  The  cost 
is  as  follows : — 

£    «.    <Z. 

House  fixed  complete      ...  ...  ...  ...  ...    10    0    0 

Lantern,  made  of  block  tin,  dioptric  lamp,  and  reflector         ...    10    0    0 
W^incn  ...  ...  ...  ...  ...  ...      luU 

Oil  dmm  and  stand        ...  ...  ...  ...  ...      2    0    0 


£23    0    0 


The  chief  cost  of  maintenance  is  in  the  labour  for  lighting. 
An  old  pensioner  is  generally  put  to  the  work  at  a  cost  of  108. 
a  week,  his  range  extending  over,  say,  three  miles  of  river,  and 
having  six  lamps  under  his  charge.  The  annual  cost  under 
these  circumstances  would  be  under  £&  per  lamp  for  labour  and 
oil,  the  lamps  being  lighted  for  seven  months  in  the  year. 

Gas-buoys, — The  application  of  compressed  oil  gas  to  the 
illumination  of  beacons  and  buoys  has  added  a  very  valuable 
adjunct  to  the  navigation  of  rivers  and  estuaries  during  dark 
tide&  By  its  use  for  lighting  fixed  beacons  many  of  these  can 
now  be  lighted  which  otherwise  could  not  have  been  done, 
owing  to  the  expense  incurred  in  providing  accommodation  for 
and  maintaining  the  necessary  stafi*.  The  gas  used  for  this 
purpose  is  that  made  under  the  patents  held  by  Fintsch's  Patent 
Lighting  Company.  It  is  made  from  paraffin  once  refined. 
The  oil  is  vaporized  and  gasified  in  iron  retorts,  and  after  cooling 
and  purifying  is  carried  to  a  small  gasometer.  The  whole 
apparatus  is  contained  in  a  space  of  about  40  feet  by  16  feet 
(Fig.  50). 

From  the  gasometer  it  is  drawn  by  a  pump  and  forced  into 
cylindrical  holders  having  a  cubic  space  of  370  feet,  containing 
3700  cubic  feet  of  gas,  at  a  pressure  of  150  lbs.  to  the  square 
inch.  These  holders  are  conveyed  to  the  buoys,  or  the  holders 
of  the  fixed  lights,  in  a  boat,  and  the  gas  is  transferred  to  the 
receiver  of  the  buoy  by  a  pipe  connection  having  a  stop  valve. 
The  gas  is  conveyed  into  the  buoy  at  a  pressure  of  90  lbs.,  and 
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the  ^quantity  of  gas  so  passed  into  the  buoy  is  snfficient  at  this 


pressure  to  keep  it  burning  day  and  night  for  two  months, 
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or  longer  according  to  the  size  of  the  receiver.  Two  store 
cylinders  of  the  above  dimensions  are  sufficient  to  charge  three 
buoys. 

The  consumption  of  gas  in  the  buoys  is  at  the  rate  of  0*8  cubic 
foot  per  hour,  and  each  light  consumes  about  9000  cubic  feet 
a  year. 

The  emission  of  the  gas  is  retarded  at  the  burning  point  by 
an  automatic  regulator,  which  allows  it  to  flow  at  a  pressure 
equal  to  -^  inch  water-column.  Provision  is  also  made  to  meet 
the  sudden  extinguishing  of  the  light  by  means  of  a  blow  from 
a  vessel  or  mass  of  wreck.  The  flame  is  protected  by  a  specially 
designed  lantern  having  a  dioptric  lens.  The  cost  of  making 
the  gas  varies  with  the  price  of  oil  from  8s.  to  11«.  per  thousand 
cubic  feet  By  the  aid  of  the  dioptric  lens,  the  illuminating 
power  is  made  equal  to  thirty-five  candles.  The  light  is  placed 
12  feet  above  the  water,  and  is  visible  at  a  distance  of  three 
to  five  miles.  Coal-gas  loses  a  large  proportion  of  its  illumi- 
nating power  by  compression,  and  is  therefore  not  suitable  for 
the  purpose. 

The  cost  of  installation  of  the  gas  plant  and  buildings  is 
about  £450.  A  transport  holder,  27  feet  3  inches  by  4  feet  3 
inches,  capable  of  filling  two  lights,  costs  £160.  The  cost  of  a 
gas-buoy  10  feet  in  height  is  £350  to  £400.  Cylinders,  17  feet 
6  inches  by  4  feet  2  inches,  with  lanterns  and  apparatus  for 
fixed  lights,  cost  £185,  or  if  with  occulting  light,  £200.  The 
buoys  are  moored  with  1^  inch  chains  to  mushroom  anchors, 
4  feet  in  diameter,  weighing  about  30  cwt. 

In  1881  the  Clyde  Lighthouse  Trustees  commenced  lighting 
with  gas  buoys,  and  by  1883  several  beacons,  including  the  Gantock 
Beacon,  were  established,  a  sketch  of  which  is  given  in  Fig.  51. 
Subsequently  the  lighthouses  at  Cardross  and  Dumbuck  were 
also  lighted  by  compressed  oil-gas.  The  Garmoyle  lightship  has 
been  converted  into  a  gas  light-boat,  and  the  expense  of  the  crew 
saved,  the  light  burning  six  weeks  without  attention.  The  Clyde 
Trustees  have  nine  buoys,  placed  about  half  a  mile  apart,  between 
Port  Glasgow  and  the  month  of  the  Leven.  The  gas  is  supplied 
to  these  buoys  from  the  works  of  the  Clyde  Lighthouse  Trustees 
at  Port  Glasgow,  and  is  put  into  the  buoys  at  a  charge  of  2l8. 
per  thousand  cubic  feet.  The  cost  for  one  year  for  repairs  and 
gas  is  about  £14  for  each  buoy. 

On  the  Tees  there  are  two  9-feet  buoys  and  three  beacons 
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lighted  by  compressed  gas.  The  haoys  hold  oufficient  for  six 
weeks,  burning  night  and  d&y.  The  cost,  inclnding  the  plant  for 
making  the  gas,  has  been  about 
£3400,  and  the  working  ex- 
penses per  light  are  £21  a  year, 
ineludbig  oil,  coal,  stores,  and 
repairs.  Since  the  channel  has 
been  well  lighted  the  number 
of  ships  navigating  is  nearly  as 
great  during  the  dark  tides  as 
in  the  daytima 

There  are  two  gas-buoys  in 
the  estuary  of  the  Ribble  and 
one  in  the  Irish  Sea,  marking 
the  entrance  to  this  river.  This 
buoy  shows  an  occulting  light 
of  four  seconds'  duration  of 
flash  and  two  seconds'  interval, 
visible  for  eight  miles.  In 
addition  to  distinguishing  the 
entrance  to  the  Eibble,  it  is  of 
service  to  the  general  coasting 
trade.  These  buoys  are  also 
in  use  on  the  Thames,  where 
there  are  fifteen  lights ;  the 
Mersey;  in  the  channel  to  Lynn; 
the  St.  Lawrence  in  Canada, 
where  there  are  nine  buoys ; 
on  the  Elbe,  the  Scheldt,  the 

Danube;  on   the   Suez  Canal,    _ 

where  there  are  one  hundred 

buoys  and  beacons  lighted  by 

compressed  gas ;  also  at  Naples,  Melbourne,  Havre,  Oporto,  and 

St.  PeteiBburg. 

Fig.  h%  gives  an  illustration  of  a  small  floating  light  on  this 
system,  as  used  at  Barrow-m-Furness. 

The  goa-buoys  used  by  the  Trinity  House,  shown  in  Fig,  53, 
ore  spherical  in  form,  having  a  wrought-iron  frame  to  carry  the 
lantern.  The  weight  of  these  is  80  cwt,  including  the  frame, 
which  is  about  Z\  cwt.  The  capacity  of  the  gas-holder  is  382 
cubic  feet.      The  lighting  apparatus  consists  of  three  fish-tail 
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bamera,  sorrounded  by  a  4-iiicli  dioptric  lens.  The  initial 
intensity  of  the  naked  flame  is  seven  candles,  which  is  increased 
by  the  lens  to  thirty-five  candles.  The  focal  plane  of  the  light 
is  12  feet  above  the  surface  of  the  water,  sjid  it  can  be  seen 


at  a  distance  of  foot  to  five  miles.    The  cost  of  the  buoy  was 
£420. 

Beacons  axe  used  for  marking  the  boundary  of  the  channel  or 
line  of  navigable  depth,  when  tiie  sides  are  covered  at  high  water, 
and  also  are  fixed  on  sandbanks  in  an  estuary,  for  the  purpose  of 
forming  prominent  marks  fac  the  use  of  fishermen,  in  which 
posiUoQ  they  are  also  of  use  as  refuges  for  men  lost  on  the  sands 
with  a  rising  tide.  For  the  smaller  class  of  rivers  poles  20  feet 
to  30  feet  long  are  placed  on  the  banks,  having  a  triangle  or 
other  shaped  frame  at  the  top,  and  painted  while,  or  black 
and  white.  Wbere  there  ia  much  run  of  tide  they  are  secured 
by  a  j^incb  chain  round  the  bottom  of  the  pole,  and  attached  to  a 
stone  sunk  in  the  bonk.  On  first-class  tidal  rivers  the  channel 
is  marked  by  structures  composed  of  stone  or  concrete,  which,  as 
already  mentioned,  are  provided  with  lights.    Beacons  placed  on 
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sands  in  an  estuary  consist  of  a  pole  about  85  feet  long  let  into  a 
ludget  buried  in  the  sand,  and  held  in  position  by  stays  made 
of  wrought-iron  rods  J  inch  thick,  tightened  up  by  screws 
and  attached  to  cast-iron  screw-pile  moorings  (Fig.  54).  On  the 
top  is  a  beacon  consisting  of  a  triangle,  drum,  or  other  dis- 
tinguishing form,  and  a  platform  of  sufficient  size  for  one  or  two 


tt99»hon      I  Station 
Fio.  fiS.— 43«»-biio7. 


men  to  rest  on.  Cleats  are  fastened  to  the  pole  to  enable  them 
to  reach  the  top.  The  chains  and  ironwork  should  be  galvanized 
to  resist  the  action  of  the  salt  water.  The  drum  shown  in  the 
illustration  consists  of  two  wrought-iron  hoops  attached  to 
central  collars,  and  having  iron  bars  -^^  inch  by  1^  inch,  spaced 
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3  inches  apart.    A  hole  is  lefb  at  the  bottom  of  the  drum  of 
sufficient  size  for  a  man  to  get  through,  the  refuge  in  this  case 


Fio.  64.— BeMon. 

being  made  inside  the  drum.     The  cost  of  a  beacon  of  this 
description  is  about  £20. 

"Lighthouses,"  by  Stevenson  (Weale's  series);  "Our  Sea 
Marks,"  by  E.  Price  Edwards  (London:  1884);  Thj&  Engineer, 
March  29, 1889,  paper  by  Mr.  James  Douglas  on  "  Lighthouses 
and  Lightships ; "  Min.  Proc.  Inst.  C,E.,  vol.  IviL,  "  The  Electric 
Light  as  applied  to  Lighthouse  Illumination,"  by  James  Douglas. 


CHAPTER  Xni. 

SURVEYING  TIDAL  RIVEBS  AND  ESTUARIES. 

An  accurate  knowledge  of  the  physical  conditions  of  a  tidal 
river  and  its  estuary,  and  also  the  tides  and  currents,  is  abso- 
lutely essential  preparatory  to  any  works  being  undertaken  for 
its  alteration  or  improvement. 

It  is  unnecessary  here  to  deal  with  the  ordinary  methods  of 
surveying,  but  there  are  certain  terms,  rules,  and  appliances  used 
in  making  hydrographic  surveys,  and  for  obtaining  information  as 
to  the  tides  and  set  of  the  currents,  which  it  is  proposed  shortly 
to  describe. 

Hydrographic  Terms  and  Measures. — In  dealing  with  a  river 
it  is  always  understood  that  the  right-hand  bank  is  that  which 
is  on  the  observer's  right-hand  side  when  going  down  the  river 
from  the  source  to  the  sea.  In  a  tidal  estuary  the  opposite  rule 
has  been  adopted,  and  the  right-hand  or  starboard  side  of  the 
channel  is  that  which  lies  to  the  right  hand  of  the  mariner  on 
entering  the  channel  from  the  sea  and  going  up. 

Low  water  in  an  estuary  or  tidal  river  is  always  taken  to 
mean  the  level  of  the  water  at  low  water  of  ordinary  spring 
tides,  and  high  water  that  of  high  water  at  the  same  period,  the 
terms  being  abbreviated  on  charts  by  the  lettera  L.W.S.T., 
H. W.S.T. ;  for  equinoctial  tides,  E.H. W.S.T. ;  for  unusual  tides, 
Ex.  H.W.S.T.;  and  for  neap  tides,  H.W.N.T.  or  L.W.N.T.  The 
terms,  the  rise  and  range  of  the  tide,  irvean  and  half-tide  level, 
flood,  and  ebb  have  been  already  explained  in  the  chapter  on 
«  Tides." 

The  lineal  measure  used  on  all  marine  charts  is  the  nauUical 
mile,  or  the  sixtieth  part  of  a  degree  of  latitude,  equal  to  69*121 
statute  miles,  or  by  the  Admiralty  knot,  69*0909  statute  miles. 
The  precise  length  of  a  degree  has  undergone  modification  from 
time  to  time  as  astronomical  observations  have  become  more 
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perfect.  It  is  generally  accepted  now  as  being  6082*66  feet, 
being  equal  to  11 52  statute  mile.  The  length  of  the  nautical 
mile  adopted  by  the  Admiralty  is  6080  feet,  equal  to  1'515 
statute  mile.  For  convenience  the  nautical  mile  is  generally 
taken  by  mariners  as  6000  feet,  and  the  degree  as  69  statute 
miles. 

A  hnot  is  the  same  length  as  a  nautical  mile,  and  is  the  term 
used  in  describing  the  speed  of  a  ship,  being  one  nautical  mile 
passed  over  in  one  hour.  When,  then,  the  expression  i^  used  that 
a  vessel  makes  ten  knots,  it  means  that  this  distance  is  covered 
in  an  hour,  and  the  last  two  words  in  the  expression  often  used, 
of  "  knots  'per  hxywrl*  is  an  unnecessary  repetition.  A  nautical 
mile  is  divided  into  ten  parts  called  cahlea,  and  distances  are 
expressed  in  miles  and  halves  or  quarters,  or  cables.  Thus 
five  miles  and  a  quarter,  or  5  miles  3  cables,  would  be 
written  6  J  and  5|*''^  respectively.  The  vertical  measures  of  the 
depth  of  the  water  in  estuaries  or  the  sea  is  generally  expressed 
in  fathoms.  An  English  fathom  is  6  feet.  The  length  of  the 
fathom  in  other  countries  will  be  found  in  Appendix  III.  One 
hundred  fathoms  is  taken  as  equal  to  one  cable,  and  1000  fathoms 
as  a  nautical  mile. 

Charts. — There  are  certain  standard  abbreviations  used  in  all 
marine  charts  to  denote  the  conditions  of  the  tide ;  the  physical 
characteristics  of  the  estuary ;  the  nature  of  the  material  of  the 
bottom,  the  shore,  or  the  coast ;  the  description  of  buoys  and  sea- 
marks, etc.    A  schedule  of  these  will  be  found  in  Appendix  IV. 

The  charts  prepared  by  the  hydrographic  department  of  the 
Admiralty,  and  issued  for  the  use  of  mariners,  are  to  be  obtained 
at  small  cost.  Each  of  these  charts  covers  a  certain  length  or 
department  of  the  coast,  the  principal  estuaries  and  ports  being 
also  given  on  an  enlarged  scale. 

Index  charts,  showing  the  coast  or  estuary  in  any  part  of  the 
world  covered  by  any  particular  chart,  are  also  issued.  These 
are  convenient  for  ascertaining  the  particular  chart  required. 

The  charts  relating  to  harbours  and  estuaries  are  generally 
drawn  to  a  scale  of  one  or  two  nautical  miles  to  an  inch,  being 
the  natural  scales  of  y^J^jy  or  y^g^Tj.  They  show  the  coast- 
line and  prominent  objects  on  shore,  the  shore,  the  space  covered 
by  water  at  low  water  of  ordinary  spring  tides,  the  depth  of 
water  in  the  channels,  and  the  height  of  the  sands  above  low 
water.     The  depth  of  water  is  given  in  fathoms,  except  on  the 
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estuary  and  harbour  charts,  where  it  is  generally  in  feet.  The 
height  of  the  sands  that  are  bare  at  low  water  is  distinguished 
by  the  figures  being  underlined  A  scale  of  nautical  miles  is 
placed  on  some  charts ;  on  others  only  the  degrees  of  latitude  and 
longitude.  The  distances  on  the  chart  may  be  scaled  from  the 
latitude.  The  degrees  of  longitude,  if  used,  would  require  to  be 
reduced  by  calculation  for  different  latitudes,  the  length  varying 
at  all  places  between  the  poles  and  the  equator. 

In  marine  charts  the  bearings  and  direction  of  the  plan  are 
always  magnetic.  On  plans  of  harbours  and  estuaries  for 
engineering  purposes,  the  drawing  is  always  made  to  coincide 
with  the  true  north. 

The  needle  of  the  compass  does  not  at  the  present  time  point 
to  the  true  north.  The  number  of  degrees  which  it  deviates 
from  this  vary  with  the  meridian  of  the  place,  increasing  westerly 
about  7  degrees  between  the  east  coast  of  England  and  the  west 
coast  of  Ireland.  The  local  variation  is  given  for  each  place  along 
the  coast  in  the  Admiralty  Sailing  Directions.  About  300  years 
ago  ( 1657-62)  there  was  no  variation.  After  that  it  began  to 
move  westerly,  and  attained  the  greatest  variation  at  24°  27' 
west  in  1818.  After  which  the  variation  began  to  move  easterly 
again,  and  at  the  present  time  at  the  meridian  of  Greenv^ch  it 
is  17°  12'  west.  The  rate  of  decrease  has  not  been  regular. 
Between  1830-40,  it  was  at  the  rate  of  3'-9 ;  1840-50, 5''9 ;  1850- 
60,  6'-9 ;  1860-70,  7'-l ;  1870-80,  8'-2 ;  the  present  rate  is  8'  a 
year.  Besides  the  local  and  annual  variation,  there  is  also  a 
diurnal  change,  the  needle  moving  westerly  in  the  morning  and 
until  an  hour  after  noon,  and  then  going  easterly,  the  maximum 
variation  being  12',  the  mean  being  at  10  a.m  and  7  p.m.  The 
amount  of  variation  differs  slightly  at  different  periods  of  the 
year. 

Nautical  men  use  the  points  of  the  compass  to  express  the 
bearing  of  a  channel  or  of  any  object,  the  magnetic  north  point 
being  the  datum,  and  the  angle  the  object  makes  to  this  being 
expressed  by  the  points  of  deviation  from  the  four  cardinal 
points.  Engineers  express  the  angle  by  the  number  of  degrees, 
minutes,  and  seconds  into  which  the  circle  is  divided.  There 
are  32  points  to  the  compass,  the  divisions  between  these  being 
expressed  by  quarters. 

There  is  no  fixed  system  for  expressing  the  divisions,  but 
they  are  read  from  the  north  to  the  east,  and  thence  by  south 
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to  west,  in  the  same  direction  as  the  hands  of  a  watch  travel. 
This  rule  is  sometimes  departed  from  for  the  sake  of  brevity  and 
clearness.  Thus  N.N.W.  \  W.,  is  preferable  to  N. W.  by  N.  \  N., 
but  E.  by  N.  \  E.,  instead  of  E.  \  N.,  would  be  utterly  wrong. 

A  point  is  11°  15',  north  being  0. 

The  32  points  of  the  compass  and  the  corresponding  angles 
will  be  found  in  the  Appendix. 

The  degrees  of  longitude  on  the  English  Admiralty  charts 
are  reckoned  east  or  west  of  the  meridian  of  Greenwich. 
The  charts  of  Russia,  Sweden,  Norway,  Denmark,  Holland, 
Austria,  and  the  .United  States  use  the  meridian  of  Green- 
wich. France  has  adopted  that  of  Paris,  2°  20'  15'^  east  of 
Greenwich ;  Spain,  that  of  San  Fernando,  Cadiz,  6°  12'  24""  west 
of  Greenwich ;  Portugal,  that  of  Lisbon,  9°  7'  32"  west  of 
Greenwich. 

Further  particulars  as  to  the  physical  characteristics  of  the 
coast,  the  nature  of  the  bottom,  set  of  the  tides,  etc.,  may  be 
obtained  from  the  books  of  Sailing  Directions  issued  by  the 
Admiralty,  those  for  the  South  Coast  being  known  as  Parts  1 
and  2  of  the  Channel  Pilot,  for  the  East  Coast,  Parts  1  to  4 
of  the  North  Sea  Pilot;  and  for  other  parts  of  the  kingdom, 
as  the  Sailing  Directions  for  any  particular  coast. 

The  Admiralty  charts  are  prepared  for  the  use  of  mariners, 
and,  although  affording  a  large  amount  of  valuable  and  useful 
information,  are  not  sufficient  for  the  purpose  of  an  engineer. 
Unless  a  chart  of  the  estuary  on  a  large  scale  already  exists 
which  can  be  corrected  and  brought  up  to  date,  a  fresh  survey 
will  be  necessary. 

In  nearly  all  the  important  estuaries  of  this  kingdom  there 
exist  marine  survej's  which  were  made  by  the  late  Mr.  Giles 
for  Mr.  J.  Bennie,  Mr.  J.  Walker,  and  other  engineers,  early  in 
the  present  century,  when  works  on  a  very  extensive  scale  were 
undertaken  for  the  improvement  of  the  ports  and  harbours  of 
the  kingdom.  These  diarts  are  recognized  as  being  very  com- 
plete and  accurate,  and  may  be  taken  as  a  model  for  any  similar 
work  which  an  hydrographic  surveyor  has  to  perform. 

Marine  Siirve3ring. — Captain  Wharton,  the  Admiralty  hydro- 
grapher,  remarks  in  the  Instructions  to  Surveyors  that  the 
formation  of  an  accurate  chart  is  the  result  of  many  operations,, 
ail  demanding  care,  attention,  and  method.  To  ensure  method 
and  uniformity  in  preparing  charts  for  the  Admiralty,  instruc- 
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tions  are  issued  by  the  hydrographical  department  containing 
rules  which  have  to  be  observed  by  all  surveyors  engaged  in 
making  marine  surveys  for  this  department.  In  making  plans 
of  estuaries  for  engineering  works  it  is  desirable,  as  far  as 
possible,  to  observe  the  same  rules.  These  rules,  altered  to  suit 
an  engineering  survey,  may  be  briefly  described  as  follows :  All 
charts  and  plans,  when  practicable,  are  to  be  constructed  upon 
the  true  meridian ;  soundings  to  be  reduced  to  mean  low  water 
of  ordinary  spring  tides  in  feet  and  fractions  of  a  foot ;  under- 
lined figures  to  denote  the  height  of  the  banks  above  low 
water ;  the  direction  and  velocity  of  the  tide  to  be  expressed  by 
arrows,  |p->  for  the  flood,  and  — >  for  the  ebb  current,  and  by 
knots  and  fractions  of  a  knot;  the  period  of  the  tide  by  the 
initials  1st  Qr.,  2nd  Qr.,  etc. ;  the  scale  on  which  the  plan  is 
drawn  to  be  always  given;  the  natuitil  proportion  which 
the  chart  scale  bears  to  the  real  dimensions  to  be  represented 
thus :  -^r^Q  for  a  scale  of  1  inch  to  1  statute  mile ;  different 
types  of  lettering  to  be  used  for  different  classes  of  objects,  the 
lettering  of  a  modem  published  Admiralty  chart  to  be  taken 
as  an  example;  names  or  remarks  to  have  the  same  general 
direction,  so  as  not  to  require  the  plan  to  be  turned  in  difierent 
directions  to  read  them.  In  colouring  a  plan  water  is  always 
to  be  denoted  by  blue,  the  tint  being  made  deeper  according  to 
the  depth,  and  varied  so  as  to  show  different  depths,  the  main 
deep-water  channels  being  shown  by  the  darkest  tint;  sands 
and  sandbanks  to  be  yellow,  shingle  brown  (burnt  sienna),  mud 
grey,  marshes  green. 

The  initials  denoting  the  abbreviations  to  be  used  will  be 
found  in  Appendix  IV.  Soundings  to  be  placed  in  straight  lines 
perpendicular  to  the  coast.  The  level  of  low  water  adopted  to 
be  referred  to  a  fixed  datum  given  on  the  plan.  This,  in 
England,  should  invariably  be  the  ordnance  datum,  or  in  other 
countries  the  standard  datum  of  the  country.  The  dimensions 
to  be  in  statute  miles,  nautical  miles  being  used  on  charts  for 
marine  purposes. 

Plans  should  be  mounted  on  holland  or  linen. 

Surveying. — In  making  the  survey  of  an  estuary  considerable 
experience  is  required.     The  work  is  more  tedious  and  slow  than 
on  land,  owing  to  the  interference  of  the  tides  and  the  short  time 
that  the  low-water  channels  are  visible.    The  first  and  most' 
important  part  of  the  work  consists  in  laying  out  the  base-Un^^ 
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With  regard  to  this,  Captain  Wharton  considers  that  "the 
number  of  times  a  base  must  be  measured  depends  on  circum- 
stances ;  that  for  a  harbour  plan  twice  will  be  sufficient  if  the 
measurements  agree  to  a  foot  or  two.  If  the  survey  is  of  great 
extent,  three  or  four  times  will  be  more  satisfactory." 

The  chief  angles  being  set  out  by  the  theodolite,  the  box 
sextant  will  be  found  a  very  convenient  instrument  for  filling 
in,  especially  in  places  where  a  theodolite  could  not  be  set  up 
owing  to  the  sand  being  quick  or  the  mud  sofL  With  a  little 
practice  angles  can  be  taken  with  great  accuracy  with  this 
instrument  Its  accuracy  can  always  be  verified  by  completing 
the  circle  and  by  adding  the  degrees  together,  making  the  total 
up  to  360.  This  instrument  is  also  useful  in  determining  the 
position  of  a  buoy,  beacon,  or  other  similar  object,  from  a  single 
station.  The  observer  having  moored  his  boat  to  the  buoy,  an 
angle  is  taken  to  two  other  objects,  the  position  of  which  is 
known  and  marked  on  the  plan  of  the  estuary.  This  angle 
being  produced  on  a  piece  of  tracing-paper,  the  paper  is  moved 
about  until  the  two  lines  subtended  by  the  angle  exactly  cover 
the  two  distant  objects,  the  position  of  the  buoy  on  the  plan 
will  then  be  at  the  vertex  of  the  angle.  K  three  or  more  objects 
are  taken,  it  will  check  the  accuracy  of  the  observation. 

The  prismatic  compass  is  frequently  used  for  taking  the 
bearings  of  channels  or  of  buoys,  and  is  a  very  convenient  and 
handy  instrument  for  this  purpose.  Care  must  be  taken  that 
its  readings  are  not  affected  by  the  presence  of  metal  about  the 
boat  or  on  the  person  of  the  observer. 

In  estuary-surveying  it  is  often  difficult,  owing  to  a  haze 
hanging  about  over  the  water,  to  see  distant  objects  so  as  to 
be  able  to  read  them  with  the  instrument.  To  provide  against 
this,  Captain  Wharton  advises  the  use  of  an  heliostat.  By  this 
means,  in  hazy  weather  angles  may  be  obtained  when  the  place 
from  which  the  flash  was  sent  was  entirely  invisible.  On  a 
bright  day  the  flash  from  a  mirror  of  3  inches  x  2  inches  may 
be  seen  for  several  miles.  Captain  Wharton  gives  a  design  for 
an  exceedingly  simple  instrument  sufficient  for  this  purpose, 
consisting  of  a  looking-glass  or  mirror  from  2  to  6  inches  in 
diameter,  mounted  on  a  light  iron  tripod  2  feet  6  inches  high,, 
revolving  on  retaining  screws.  An  arm  projects  from  the 
stand,  having  a  ring  of  flat  wood  with  a  white  cardboard  disc 
about  1  inch  in  diameter.     A  hole  f  inch  in  diameter  is  made 
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in  the  back  of  the  mirror,  so  that  the  light  can  be  directed  to 
the  object  required.  The  arm  is  moved  until  the  object  as 
regarded  in  the  hole  in  the  mirror  is  obscured  by  the  white 
cardboard  disc  in  the  centre  of  the  ring,  and  the  flash  will  be 
thus  directed  in  the  required  line. 

It  is  a  great  saving  of  time  when  natural  marks,  such  as 
conspicuous  trees,  church  spires,  or  other  prominent  objects,  can 
be  made  use  of  as  stations.  Where  there  are  rocks  or  cliffs, 
lines  made  with  whitewash  are  more  permanent  than  poles  or 
beacons ;  and  if  tree-stems,  angles  of  houses,  or  other  objects  are 
whitewashed,  they  become  much  more  visible.  Floating  beacons 
are  often  of  great  service  in  marking  the  position  of  channels 
where  they  are  not  buoyed.  Casks  can  be  used  for  this  purpose, 
having  a  beacon  and  flag  fixed  on  the  top,  and  moored  with  a 
light  chain  to  a  weight  or  mushroom  anchor. 

In  selecting  marks  for  stations  or  in  fixing  beacons,  these 
are  the  more  visible  the  greater  height  they  are  raised  above 
the  surrounding  surface.  On  the  water,  owing  to  the  rotundity 
of  the  earth,  an  object  5  feet  above  the  ground  becomes  invisible 
at  2j^  miles,  supposing  the  observer's  eye  to  be  level  with  the 
water ;  10  feet  high  at  4  miles ;  15  feet  at  4^  miles ;  20  feet  at 
5j^  miles ;  25  feet  at  6  miles ;  and  50  feet  at  8^  miles. 

The  following  formula  gives  approximately  the  height  an 
object  requires  to  be  above  the  ground  to  be  seen  at  a  given 
distance — 

\/h  +  5  =  m 

2 

where  H  is  the  height  in  feet  above  the  ground. 

M,  the  number  of  miles  the  object  is  distant ;  for  example, 
a  tower  50  feet  high  would  be  visible  at  8*66  milea 

For  measuring  horizontal  distances  the  100-feet  steel  chain 
is  used,  the  land  surveyor's  chain  of  66  feet  never  being  used 
for  marine  surveys. 

The  contour  of  river  channels  and  heights  of  the  shore  and 
sands,  as  far  as  practicable,  are  obtained  by  leveUing  in  the 
ordinary  way,  the  channel  being  shown  by  a  section,  on  which 
the  bed  of  the  river,  the  low-water  line,  the  high  water  of 
ordinary  spring  tides  and  of  neap  tides,  and  of  the  highest 
recorded  tides,  are  shown.  The  height  of  sandbanks,  marshes, 
etc.9  is  given  by  figures  on  the  plan. 
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The  making  of  sections  of  a  tidal  river  occupies  considerable 
time,  as  the  work  is  much  hindered  by  the  tides.  When  the 
rise  of  the  tide  is  great,  the  work  can  only  be  carried  on  for 
about  two  or  three  hours  before  and  after  low  water. 

In  taking  longitudinal  sections,  with  the  water-level  con- 
tinually varying  with  the  ebb  or  flood  tide,  the  level  of  the 
water  must  be  taking  concurrently  with  the  soundings.  Owing 
to  the  swiftness  of  the  current,  or  to  the  obstructions  on  the 
banks  and  other  causes,  the  leveller  is  generally  unable  to  keep 
on  the  river-bank  or  to  move  along  with  or  as  quickly  as 
the  boat  Under  such  circumstances,  the  observer  taking  the 
soundings,  choosing  the  first  convenient  or  open  space  which 
the  leveller  can  reach,  places  a  stake  at  the  level  of  the  water 
at  which  the  soundings  were  taken,  and  waits  until  the  man 
with  the  level  staff  appears. 

Where  the  banks  are  steep  and  the  foreshore  covered  with 
soft  mud,  and  the  man  holding  the  level  staff  cannot  get  to  the 
water's  edge,  the  height  of  the  water  may  be  read  by  the  level 
from  a  long  sounding-pole  of  the  form  shown  in  Fig.  55,  and 
marked  to  half-inches,  held  to  the  surface  of  the  water  by  a 
man  in  the  boat.  When  the  level  staff  can  be  used,  it  is  con- 
venient to  fix  it  in  a  strong  wooden  crutch  so  as  to  give  greater 
elevation,  the  length  of  the  crutch  being  added  to  the  figures 
read  on  the  staff 

In  taking  cross-sections  of  a  river,  where  the  width  is  not 
too  great,  the  author  has  found  the  most  effective  plan  to  be  by 
having  two  strong  wooden  stakes  driven  into  the  banks  at  both 
sides,  and  stretching  from  these  across  the  river  a  light  wire 
rope,  drawn  quite  tight  by  means  of  steel  blocks  and  tackle 
attached  to  one  of  the  posts.  Along  this  wire  is  then  stretched 
a  line  marked  by  pieces  of  different-coloured  rag  to  every  five 
feet.  The  intermediate  distances  are  taken  by  a  tape.  This 
line  should  be  measured  after  it  is  wetted  and  after  being 
stretched,  as  its  length  will  vary  considerably  under  different 
conditions.  The  boat,  being  moored  to  the  bank  by  a  long  line, 
can  be  sheared  across  by  an  oar  in  the  stem  by  one  man,  the 
other  guiding  it  along  the  wire  rope,  and  the  surveyor  taking 
the  soundings  at  regular  intervals.  Where  the  river  is  too  wide 
for  this  operation,  the  position  of  the  soundings  must  be  fixed  by 
a  theodolite  from  the  bank. 

Taking  Soxmdings. — Particulars  of  channels  for  the  purpose  of 
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obtaining  the  navigable  depth  of  water  are  found  by  sounding 
from  a  boat  either  with  a  sounding-pole,  a  steel  sounding-chain, 
or  the  lead-line.  The  latter  is  the  instrument  always  used  by 
sailors,  and,  where  extreme  accuracy  is  not  required,  is  sufficient 
for  the  purpose. 

The  hand  sounding-line  for  shallow  water  consists  of  a  line 
to  which  is  attached  a  cylindrical  lead  weight  of  from  7  to  9  lbs. 
It  is  made  hollow  at  the  heel  or  bottom,  which  is  wider  than  the 
top,  80  that  there  may  be  inserted  a  lump  of  tallow  or  arming, 
its  purpose  being  to  bring  up  some  of  the  bottom  it  touches,  so 
that  the  nature  of  the  ground  may  be  ascertained.  The  line  is 
generally  25  fathoms  in  length,  and  is  marked  with  strips  of 
leather  and  different-coloured  calico  or  string  at  the  2,  3,  5,  7, 
10,  13, 15, 17,  and  20  fathom  marks.  These  are  known  as  '*  the 
marks,"  and  a  sailor,  in  calling  out  the  soundings  where  these 
marks  apply,  uses  the  expression  "  By  the  mark  seven,"  if  the 
mark  is  close  to  the  water ;  if  more  than  the  7  fathoms,  he  calls, 
*'  and  a  quarter  seven,"  ''  and  a  half  seven,"  or  "  a  quarter  less 
eight,"  these  being  respectively  7 J,  7 J,  and  7 J  fathoms.  For  the 
fathoms  where  there  are  no  marks,  he  calls,  "  By  the  deep  four," 
etc.  The  use  of  these  terms  is  to  prevent  mistakes  in  calling 
out  numbers  which  have  similar  sounds,  such  as  7  and  11,  and 
to  emphasize  the  number  called ;  the  word  '*  deep  "  being  derived 
from  ''  dip,"  the  line  having  to  be  hauled  up  and  dipped  when 
ascertaining  the  unmarked  fathoms.  The  marks  are  given  in 
the  Appendix. 

An  engineer  should  never  trust  to  the  leadsman,  but  himself 
watch  each  cast.  An  up-and-down  cast  is  the  only  true  one, 
and  the  depth  given  is  always  in  excess  of  the  actual  depth. 
To  obtain  reliable  soundings,  the  boat  ought  not  to  move  faster 
than  is  necessary  to  keep  steering  way.  To  heave  the  lead 
satisfactorily  requires  considerable  pntctice,  especially  in  rough 
water;  there  is  a  knack  and  sensitiveness  when  the  lead  touches 
the  bottom,  and  when  exactly  to  give  the  mark,  which  can  only 
be  acquired  by  practice. 

A  sounding-line,  before  being  used,  should  first  be  wetted,  and 
.then  its  length  and  marks  verified;  and  it  should  again  be  tested 
at  the  end  of  the  soundings.  If  the  line  is  new,  it  should  be 
towed  overboard  and  stretched  before  being  used. 

For  taking  depths  in  channels  where  the  water  does  not 
exceed  20  feet,  sounding-poles  are  used.      These  require  some 
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practice  in  handling,  and  are  most  convenient  for  use  when 
marked  in  feet  by  alternate  white  and  black  sections,  the  figures 
being  cut  in  and  painted  the  reverse  colour  to  the  section.  If 
numbered  on  both  sides  and  from  different  ends,  the  pole  can  be 
turned  in  a  circle  when  sounding,  which  will  be  found  a  con- 
venient method  if  the  boat  is  small  and  the  pole  20  to  25  feet 

long.  The  pole  should  be  made  oblong  and 
hollowed  out  on  the  sides,  as  shown  in 
Fig.  55,  as  this  saves  a  great  deal  of  rubbing 
on  the  figures.  Sounding-poles  should  be 
as  light  as  possible,  white  pine  being  the 
best  wood  for  them. 

If  a  strong  current  is  running,  the  boat 
will  be  carried  along  too  rapidly  when 
sounding  down  a  channeL  To  prevent 
this  a  drag  may  be  put  on  the  pace  by 
trailing  a  weight  astern. 

Forthepurposeof  marine  surveys,sound- 
ings  are  useless  unless  they  are  corrected 
for  the  state  of  the  tide.  This  is  done  by 
having  observers  stationed  at  tide-gauges, 
and  noting  every  quarter  of  an  hour  the 
level  of  the  water  on  the  gauges,  the  ob- 
server taking  the  soundings  also  noting  in 
his  book  the  time  at  the  same  intervals. 

In  taking  soundings  from  the  coast-line 
across  the  shore  and  sands,  a  line  is  set  out 
by  two  marks  on  shore,  and  marked  on  the 
plan.  The  observer  sounding  keeps  these 
two  marks  in  line,  a  second  observer  taking 
the  bearing  of  the  boat  by  a  theodolite  at  each  sounding  from  a 
convenient  station,  both  observers  numbering  the  figures  re- 
corded by  them. 

Tidal  Observations. — One  of  the  most  important  duties  of  a 
marine  surveyor  is  obtaining  a  correct  record  of  the  rise  and  fall 
of  the  tides  at  different  parts  of  the  estuary. 

In  the  upper  part  of  the  river  this  is  a  matter  of  no  difficulty. 
Gauges  are  set  up  at  various  points,  and  all  fixed  accurately*  by 
levelling  to  the  same  datum.  Observers  are  placed  at  each  of 
these  gauges  having  reliable  watches  set  daily  to  the  same 
time.     They  are  furnished  with  books  in  which  the  intervals 
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at  wllich  they  are  required  to  note  the  time  are  marked,  and 
against  these  it  is  their  duty  to  insert  the  height  of  the  water 
on  the  gauge  at  that  time. 

It  is  very  difficult  to  convince  the  men  employed  at  the 
different  stations  of  the  necessity  of  accuracy  in  their  observa- 
tions. An  assistant  should  visit  each  station  at  intervals  daily, 
compare  the  records  made,  and  check  the  watches.  He  should 
also  take  a  copy  of  the  observations.  It  is  better  to  arrange 
for  short  intervals  for  the  heights  to  be  recorded,  although  the 
changes  in  the  height  during  these  periods  may  be  small.  If 
long  intervals  are  given,  the  observers  are  apt  to  leave  their 
stations  and  be  absent  at  the  exact  time,  in  which  case  they 
would  probably  insert  a  figure  obtained  by  guess-work. 

These  observations  must  be  continued  daily  over  one  com- 
plete tide,  that  is  for  12^  hours,  and  should  extend  over  at  least 
one  complete  set  of  spring  and  neap  tides.  It  is,  however,  better 
to  continue  them  over  a  complete  lunation,  as  disturbing  causes 
from  wind  and  errors  will  unavoidably  creep  in,  and  the  ex- 
tended time  gives  an  opportunity  to  check  and  correct  these. 
It  is  very  desirable  to  have  a  self-recording  tide-gauge  at  one 
station,  but  if  this  is  not  available,  the  observations  at  the 
principal  station  should  be  kept  up  night  and  day.  As  these 
observations  will  not  only  be  useful  for  the  immediate  purposes 
of  the  survey  in  hand,  but  will  also  afford  a  permanent  record 
of  the  tidal  conditions  of  the  port,  and  give  information  of  value 
to  the  harbour-master  and  pilots,  the  question  of  expense  should 
not  prevent  the  work  being  done  thoroughly  and  completely. 
In  fixing  the  gauges  care  must  be  taken  to  select  places  where 
there  will  be  as  little  disturbance  as  possible  in  the  water. 

When  tidal  observations  are  intended  for  scientific  purposes 
or  determining  accurately  the  establishment  of  a  port,  greater 
precautions  have  to  be  taken,  and  for  these  reference  may  be 
made  to  Major  Baird's  Manual  for  Tidal  Observations. 

In  an  open  estuary  it  is  often  very  difficult  to  fix  a  reliable 
gauge  and  obtain  satisfactory  observations.  Soxmdings  obtained 
from  a  boat  are  only  approximately  correct.  Gauges  are  apt  to 
be  washed  away  or  run  over  by  vessels  at  night.  The  method 
generally  adopted  is  to  fix  a  long  pole  properly  marked  with 
black  and  white  paint,  having  a  broad  base  formed  in  the  shape 
of  a  cross,  and  weighted  and  held  in  place  by  wire-rope  stays  to 
mushroom  anchors.     K  this  can  be  successfully  launched  and 
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set  upright,  the  height  of  the  water  on  the  gauge  can  be  read  off 
by  the  aid  of  a  binocular  glass  by  an  observer  stationed  in  a 
boat  moored  sufficiently  near.  This  can  only  be  done  in  calm 
weather  and  in  summer,  when  the  days  are  sufficiently  long  to 
give  12  hours'  light.  The  datum  of  the  gauge  can  be  fixed  by 
carrying  the  datum-level  to  a  fixed  point  on  the  shore,  as  near  as 
possible  to  the  gauge,  and  taking  the  rise  of  tide  at  high  water 
above  this  mark  and  on  the  gauge  at  the  same  tima  The 
period  of  neap  tides  is  most  suitable  for  observations  of  this 
character,  as  the  changes  in  level  are  less  and  the  period  for 
observation  longer  than  at  spring  tides.  This  level  can  only  be 
found  in  perfectly  calm  weather,  and  should  be  checked  on 
several  occasions. 

The  observations  thus  obtained  require  for  use  to  be  graphi- 
cally produced  in  a  tidal  diagram,  giving  the  horizontal  distances 
of  each  station,  the  vertical  rise  and  fall,  and  the  time.  Different 
diagrams  vrill  be  required  for  rising  and  falling  tides,  and  for 
springs  and  neaps.  The  diagrams  may  either  give  the  actual 
state  of  the  tide  on  any  particular  day,  or  a  mean  result  of  two 
or  more  observations.  The  latter  plan  is  the  most  useful  record. 
Whichever  plan  is  adopted,  it  should  be  so  stated  on  the  diagram. 
The  diagram  of  a  rising  spring  tide  given  in  the  illustration  of 
the  Mersey  (Fig.  67)  will  be  sufficient  to  indicate  the  manner 
in  which  a  tidal  diagram  is  constructed.  The  illustration  in 
Fig.  35  shows  the  use  of  a  tidal  diagram  for  ascertaining  the 
depth  of  water  available  for  a  ship  going  down  a  river.  Similar 
diagrams  can  be  constructed  for  a  rising  tide,  and  for  springs, 
neaps,  and  mean  tides.  The  diagram  in  Fig.  56  shows  graphi- 
cally the  state  of  the  tide  at  different  parts  of  the  river  at  the 
same  time,  the  height  of  high  and  low  water  at  each  station, 
and  the  time  which  elapses  in  the  propagation  of  the  tidal  wave. 

Velocity  Observations. — The  velocity  of  a  current  is  obtained 
either  by  means  of  floats  or  by  current -meters. 

There  are  various  forms  of  meters  in  use,  the  principle  on 
which  those  generally  in  use  act  being  by  the  revolution  of  a 
screw  actuated  by  the  current  The  shaft  of  the  blade  is 
connected  by  a  wheel  with  a  dial  on  which  the  number  of 
revolutions  is  recorded.  The  blades  are  released  when  under 
water  by  pulling  up  a  spring  with  a  cord  attached  to  it,  and 
letting  this  go  again  when  the  period  of  observation  is  completed. 
Or  the  mean  velocity  is  obtained  by  alternately  raising  and 
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lowering  the  meter  from  the  surface  to  the  bottom  when  in  gear. 
Other  meters  are  constructed  to  work  by  electrical  agency, 
connection  being  made  by  wires  between  the  meter  and  a  dial 
on  board  the  boat 

For  ordinary  observations  in  shallow  water,  the  rod  to  which 
the  meter  is  attached  can  be  held  by  the  hand ;  but  where  the 
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current  is  strong  and  the  depth  exceeds  a  few  feet,  a  line  must 
be  attached  to  the  bottom  of  the  rod  and  fastened  to  the  boat, 
the  length  being  sufficient  to  keep  the  rod  vertical  at  the 
required  depth.  The  manner  in  which  the  current-meter  was 
worked  while  taking  the  velocity  observation  in  the  Paraguay 
is  thus  described  by  Mr.  Revy,  and  is  stated  never  to  have  failed 
from  the  first  trial  to  the  last  observation;  it  worked  well  in 
depths  of  from  10  to  100  feet,  and  in  currents  of  from  1  to  5  miles 
an  hour.  By  this  mode  all  the  currents  could  be  integrated 
from  the  surface  to  the  bottom  in  a  vertical  plane,  and  the 
absolute  mean  be  found.  A  bar  of  iron,  about  2  inches  wide 
by  ^  inch  thick  and  9  feet  long,  with  a  hole  drilled  at  each  end, 
had  a  short  piece  of  round  wood  attached  to  it  in  the  centre 
which  fitted  into  the  socket  of  the  current-meter,  allowing  it  to 
revolve  as  on  a  vertical  spindle.  To  each  end  of  the  bar  cords 
were  attached  with  marks  one  yard  apart.  From  a  platform 
resting  on  two  small  boats  moored  on  the  line  of  section,  the  bar 
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with  the  meter  attached  was  lowered  by  two  men,  one  at  each 
end,  the  men  lowering  the  apparatus  according  to  the  marks 
on  the  cord,  each  to  the  same  depth.  A  third  boat  was  moored 
about  a  hundred  yards  higher  up  on  the  line  of  the  current, 
from  which  a  cord  reached  to  the  bar  and  was  fastened  to  the 
hole  in  its  end,  which  prevented  the  current  from  carrying  the 
bar  and  meter.  By  raising  and  lowering  the  bar  with  the  two 
cords,  the  apparatus  was  kept  in  a  vertical  plane.  The  length 
of  time  the  meter  was  allowed  to  remain  in  the  water  was  five 
minutes,  but  observations  for  the  purpose  of  checking  only 
lasted  only  one  minute. 

As  the  blades  of  the  screw  are  often  checked  or  stopped  by 
weeds  or  sand,  it  is  never  safe  to  rely  on  a  single  observation ; 
and  when  a  second  observation  differs  from  the  first,  they  should 
be  repeated  until  a  fair  mean  is  obtained. 

The  various  descriptions  of  meters  in  use  will  be  found 
described  in  the  following  papers  in  the  Proceedings  of  the 
Institution  of  Civil  Engineera :  "  Measurement  of  Velocity  for 
Engineering  Purposes,"  by  Professor  Hele  Shaw,  vol.  Ixix.,  1881 ; 
"  The  Current-Meter  of  Professor  Harlacher,"  by  R.  Blum,  vol. 
Ixvii.  Also  in  Captain  Cunningham's  Article  on  "  The  Use  of 
Floats  for  Hydraulic  Experiments,"  in  the  Roorkee  Treatise,  1881 ; 
in  "  Notes  on  Velocity  Observations  on  the  Irrawaddy,"  by  R 
Gordon  (Rangoon :  1883) ;  and  Professor  Un win's  article  on 
Hydro-Mechanics  in  the  "  Encyclopaedia  Britannica." 

To  check  the  correctness  of  the  instrument,  it  can  be  drawn 
through  a  channel  of  still  water  between  two  known  distances, 
reversing  the  direction  several  times,  so  as  to  eliminate  any 
errors  likely  to  arise  from  wind  or  the  motion  of  the  water. 

It  is  an  open  question  whether  the  most  reliable  results  of 
velocity  observations  can  be  obtained  with  current-meters  or 
floats,  different  observers  claiming  one  or  the  other  as  the  more 
reliable  instrument.  The  form  of  float  best  adapted  for  use  is 
also  an  unsettled  question. 

In  the  Irrawaddy  experiments,  Mr.  Gordon  found  the  double 
float  to  be  untrustworthy  at  great  depths ;  and,-  on  the  other 
hand,  that  the  current-meter  was  liable  to  give  incorrect  results 
owing  to  the  spindle  becoming  choked  with  fine  filaments  of 
vegetable  matter  hardly  discernible,  or  by  sand  and  dirt. 

For  surface  floats  oranges  were  used  on  the  Clyde  by  Mr. 
Deas.    The  author  has  found  that  ordinary  pint  bottles,  filled 
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with  water  sufficiently  to  keep  about  an  inch  of  the  neck  out 
of  water,  give  more  satisfactory  results  than  floats  which  merely 
lie  on  the  surface,  as  they  are  less  affected  by  the  wind.  If 
a  piece  of  red  rag  be  fastened  to  the  cork,  it  assists  in  tracing 
their  progress.  The  author's  practice  has  been  to  start  two  or 
more  floats  from  the  same  station  from  the  centre  and  sides  of 
the  river,  and  to  take  the  mean  of  the  results. 

Where  the  bottom  velocity  is  required,  floats  made  in  the 
form  of  a  disc, or  cylinder  and  weighted  to  sink  in  the  water, 
and  attached  by  a  thin  wire  or  cord  to  another  float  on  the 
surface,  only  of  sufficient  size^to  maintain  the  wire  vertical,  have 
been  used.  The  float  used  in  the 
Irrawaddy  experiments  is  shown 
in  the  illustration  (Fig.  57).  The 
lower  float  was  a  cylinder  of  wood, 
12  inches  long  by  6  inches  dia- 
meter, made  hollow  at  the  bottom, 
this  spacebeing  fllled  with  sufficient 
clay  to  cause  it  to  sink.  The  sur- 
face float  was  adiscof  wood,  6  inches 
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diameter  and  1  inch  thick.  The  two  were  connected  by  a  cord 
1^  inch  thick.  This  float  was  used  for  depths  varying  from 
17  to  80  feet.  The  author  has  found  the  form  shown  in  Fig.  58 
a  more  convenient  and  satisfactory  float.      The  lower   part 
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consists  of  three  blades,  9  inches  deep  and  6  inches  wide,  of  thin 
sheet  brass ;  these  are  kept  at  an  angle  of  60^  with  each  other 
by  means  of  two  collars  which  slip  on  them,  and  can  be  removed 
when  not  in  use,  so  as  to  allow  the  blades  to  lie  flat.  The 
blades  are  connected  to  the  top  float  by  means  of  thin  copper 
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For  obtaining  the  mean  velocity  of  the  stream,  the  simplest 
form  of  float  is  one  composed  of  pointed  rods  about  1  inch  in 

diameter  and  each  3  feet  long,  as 

shown  in  Fig.  59.     The  lower  rod 

=-----^  -'    is  made  of  brass  tube,  so  that 

mm^    it    can    be   weighted    with  shot 

to  sink  it  to  the  necessary  depth, 

the  quantity  varying  with   the 

depth  and  numberof  rods  attached. 

Each  rod  fits  into  a  socket,  and  is 
secured  in  place  by  a  pin.    The 

top  rod  has  a  wire  which  projects 

above  the  water,  and   carries  a 

small  red  flag  by  which  its  progress 

can  be  followed.     This  rod,  reach- 

ing  from  the  surface  to  as  near 

the  bottom  as  the  shoals  in  the 
channel  will  permit,  is  acted  on 
by  the  whole  vertical  current,  and 
gives  therefore  the  mean  velocity, 
and,  being  completely  immersed  in  the  water,  is  not  affected  by 
the  wind.  Being  made  in  short  lengths,  it  is  convenient  for 
transport  on  occasions  when  only  a  limited  number  of  observa- 
tions are  required. 

For  continuous  observations,  where  the  floats  are  intended 
to  remain  in  the  channel  and  float  up  and  down  with  the  tide, 
these  should  be  made  of  a  solid  log:  of  wood  about  12  inches 
square,  and  of  a  length  equal  to  the  shoalest  depth  of  the 
channel  at  low  water,  weighted  so  as  to  float  vertically  and  be 
immersed,  leaving  only  sufficient  of  the  float  out  of  the  water 
for  the  observjBr  to  watch  its  course.  The  visible  part  should  be 
painted  white,  and,  if  the  observations  are  continued  during  the 
night,  a  small  lamp  should  be  fixed  on  the  top.  The  course  of 
the  float  must  be  watched  by  a  man  in  a  boat,  who  should  be 
instructed  never  to   touch  it  unless  it  becomes  stranded,  or 
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damaged,  or  sent  out  of  its  course  by  the  traffic  or  otherwise. 
Floats  of  this  kind  were  used  for  the  tidal  observations  made  on 
the  Thames  and  on  the  Clyde. 

In  estuaries,  in  order  to  follow  the  direction  and  velocity  of 
currents  through  different  channels,  floats  of  a  larger  character 
are  required.  For  this  purpose  small  barrels  or  buoys  may  be 
used,  having  as  much  immersion  as  the  channel  will  allow,  and 
marked  by  small  flags  attached  to  rods  on  the  top. 

Where  the  float  traverses  a  considerable  distance,  as  in  an 
estuaiy,  the  time  of  departure  and  arrival  is  all  that  is  required. 
In  a  river-channel  where  the  velocity  has  to  be  calculated  from 
a  short  course,  greater  care  has  to  be  exercised,  as  the  time  must 
be  reckoned  by  seconds.  For  this  purpose  it  is  best  to  take  the 
longest  stretch  of  straight  water  that  can  be  obtained.  Poles 
are  fixed  on  each  bank,  and  the  distance  accurately  measured. 
In  a  small  river  the  time  of  the  float  passing  the  poles  can  be 
noted  by  the  eye,  but  in  wide  rivers  it  becomes  necessary  to  use 
a  theodolite  at  each  station,  the  observer  at  the  lower  station 
denoting  the  time  of  the  passing  of  the  float  by  dropping  his 
raised  arm  or  lowering  a  flag. 

A  chronograph  independent  of  any  other  movement  except 
that  for  recording  seconds  and  minutes,  and  which  can  be  set 
in  motion  and  stopped  by  merely  pressing  on  the  knob  under 
the  handle,  is  the  most  convenient  instrument  for  taking  the 
time.    These  can  be  obtained  now  at  a  very  small  cost. 

Samples  of  Water. — It  is  frequently  necessary,  and  always 
desirable,  to  obtain  samples  of  the  water  for  the  purpose  of 
ascertaining  the  amount  of  detritus  in  suspension,  and  its 
character,  whether  sand  or  alluvial  matter,  in  order  to  trace  the 
source  of  supply. 

For  this  purpose  the  samples  should  be  taken  not  only  from 
the  surface,  but  from  as  near  the  bottom  as  practicable. 

For  temporary  purposes,  or  when  other  means  are  not 
available,  this  may  be  done  by  means  of  a  glass  bottle,  such  as 
used  for  aerated  waters.  Two  cords  are  used,  one  attached 
to  the  bottle  and  the  other  to  the  cork,  which  is  so  fitted  as  to 
be  easily  withdrawn.  The  bottle  being  weighted  and  lowered 
to  the  required  depth,  the  line  attached  to  the  cork  is  then 
puUed  and  the  cork  withdrawn,  and  after  a  short  interval  the 
bottle  drawn  into  the  boat. 

The  instrument  used  by  the  author,  and  which  he  has  found 
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to  answer  all  purposes,  consists  of  a  zinc  vessel  7i^  incbes  long 
by  5  incbes  diameter,  bolding  about  balf  a  gallon,  and  weighted 
at  tbe  bottom.  A  weighted  wooden  cone-shaped  valve  2  inches 
diameter  works  in  the  top  cover,  which  is  attached  by  screws, 
so  as  easily  to  be  removed  for  emptying  tbe  vessel.  To  tbe  top 
are  attached  three  stout  brass 
wires,  which  are  joined  to- 
gether in  a  ring,  to  which  is 
attached  the  cord  for  lowering 
and  raising,  a  second  cord 
being  attached  to  a  ring  in  the 
valve.  When  the  vessel  is 
lowered  to  the  required  depth, 
the  cord  attached  to  the 
valve  is  drawn  up  until  tbe 
valve  is  lifted  sufficiently  for 
the  water  to  enter  \  the  cone 
prevents  it  being  entirely 
withdrawn,  and  on  tbe  cord 
being  released  it  falls  back 
in  ite  place.  The  size  and 
shape  of  this  instrument  are 
tbe  same  as  the  lower  part 
of  Fig.  60. 

An  improvement  on  this 
instrument  has  been  made  by 
Mr.  Herbert  Wheeler,  C.E., 
tbe  valve  being  actuated  by 
a  catch  attached  to  a  spring, 
which  acts  automatically  and 
is  so  regulated  as  to  release 
the  catch  at  any  required 
depth.  Tbe  principle  of  con- 
^  struction  is  as  follows.  Fig. 

60  being  an  illustration  of  tbe  instrument : — 

Tbe  opening  into  the  bottle  is  closed  by  means  of  a  double 
valve,  kept  in  place  by  a  phosphor-bronze  spring,  which  can 
be  set  to  any  required  tension  by  means  of  a  milled  wheel  at 
the  top.  When  tbe  bottle  is  lowei-ed  and  reaches  tbe  depth  to 
which  the  spring  has  been  set,  the  pressure  of  the  water  acting 
on  tbe  sur&ce  of  tbe  valve  overcomes  tbe  resistaoce  of  the 
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spring,  and  the  valve  moves  down  until  it  releases  the  catch 
connecting  it  to  the  spring ;  this  allows  the  inner  valve  to  open 
and  the  bottle  to  fiU.  On  being  removed  from  the  water,  the  lid 
is  unscrewed,  the  top  removed,  and  the  bottle  can  then  be  emptied. 
When  not  in  use,  the  upper  part  reverses  and  fits  into  the 
bottle. 

For  obtaining  an  average  sample  in  shallow  water,  the  author 
has  sometimes  used  a  brass  tube  1^  inch  in  diameter^  having 
a  valve  at  the  bottom  opening  upwards.  This,  being  lowered 
to  the  bottom  and  drawn  up,  becomes  filled  with  a  complete 
section  of  the  water.  The  pipes  are  made  in  short  lengths  con- 
nected by  screw  unions. 

Several  wide-mouthed  bottles  are  required  for  holding  the 
samples,  and  where  a  large  number  of  samples  are  taken,  those 
first  placed  in  the  larger  bottles,  after  standing  a  sufficient  time 
for  the  water  to  become  clear,  can  have  the  clear  water  with- 
drawn and  the  samples  placed  in  a  smaller  bottle,  each  being 
first  carefully  labelled  with  the  locality,  time,  depth,  state  of 
tide,  and  the  original  quantity  of  water.  By  the  use  of  these 
small  bottles  much  less  space  for  storage  is  required,  and  they 
are  much  more  easily  transported.  The  author  has  found  a 
wooden  case  containing  12  bottles  about  10^  inches  high  by 
4  inches  in  diameter,  and  holding  about  half  a  gallon,  and  12 
smaller  bottles,  about  4  inches  high  and  2  inches  diameter,  a 
very  convenient  arrangement  The  case  has  divisions  in  which 
the  bottles  are  fitted,  and  will  stand  a  good  deal  of  knocking 
about  in  a  boat  without  fear  of  the  bottles  being  broken. 

When  the  sediment  has  all  settled  at  the  bottom  of  the 
bottle,  the  clean  water  is  drawn  off  from  the  larger  bottles 
with  a  syphon,  and,  if  only  small  in  quantity,  is  filtered 
through  filtering-paper,  dried,  and  then  weighed.  The  filter- 
ing paper  has  to  be  first  carefully  weighed,  placed  in  a  funnel, 
and  the  water  and  sediment  poured  on  to  it  To  provide 
against  holes  being  broken  in  the  paper,  it  is  advisable  always 
to  use  a  layer  of  paper  in  the  funnel  under  that  on  to  which  the 
water  is  poured.  Where  the  quantity  is  great,  it  has  to  be  dried 
in  a  clean  shallow  copper  or  other  metal  vessel  The  proportion  of 
sediment  to  the  quantity  of  the  water  in  which  it  was  originally 
in  suspension  is  reduced  to  the  number  of  grains  per  cubic  foot 
or  gallon  of  water. 

There  are  7000  grains  in  1  lb.  avoirdupois ;  a  pint  of  water 
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contains  34-66  cubic  inches;  a  gallon  2T7'274i  inches,  or  0-16 
cubic  feet,  and  weighs  10  lbs.  One  cubic  foot  of  fresh  water 
weighs  62*425  lbs. ;  of  sea  water,  6411  lbs. 

The  method  adopted  on  the  Mississippi  survey  was  as 
follows :  Three  stations  were  selected,  two  near  the  banks,  and 
one  in  the  middle  of  the  river.  Samples  of  water  were  taken 
at  the  surface,  mid-depth,  and  bottom.  The  samples  were 
taken  in  kegs  weighted  at  the  bottom,  and  provided  with  a 
large  valve  opening  upward  fixed  in  both  heads.  When  the 
keg  reached  the  surface  the  water  was  thoroughly  stirred,  and 
a  bottle  fiUed  from  it.  One  hundred  grammes  were  measured 
from  each  sample  and  preserved  in  a  precipitating-bottle.  After 
receiving  six  days'  contributions,  these  bottles  were  set  aside  for 
two  weeks  to  settle.  The  greater  part  of  the  clear  water  was 
then  removed  by  a  syphon.  The  remainder,  after  thoroughly 
shaking,  was  poured  upon  a  double  filter  composed  of  two  pieces 
of  filter  paper  of  equal  weight.  After  being  dried,  the  two 
papers  were  separated  and  placed  in  opposite  sides  of  a  pair  of 
scales.    The  difference  in  weight  gave  the  weight  of  the  sediment. 

To  ascertain  the  amount  of  alluvium  in  suspension  in  the 
Seine,  a  thousand  samples  of  the  water  were  taken  by  M.  Belle- 
ville, in  1882,  at  different  stations  along  the  river.  The  sampler 
were  taken  at  one  metre  above  the  bottom,  and  the  same  dis- 
tance below  the  surface.  The  quantity  of  sediment  was  estimated 
by  the  height  of  deposit  found  after  the  water  had  remained 
twenty-four  hours  in  a  graduated  glass  tube.  With  alluvial 
matter  it  was  found  that  the  settling  which  continued  after 
twenty-four  hours  attained  about  one-tenth  of  the  original 
quantity,  depending  on  the  amount  of  clay,  and  vanishing  to 
nothing  as  the  sediment  became  more  sandy.  The  sediment  in 
the  tubes  was  reduced  by  calculation  to  the  number  of  cubic 
centimetres  to  a  litre  of  water.  The  weight  of  the  sediment 
was  obtained  by  weighing  some  of  the  samples,  and  averaged 
as  follows : — 

Weight  of  ▲  Cubic  Gentimetbe  of  Defobit  after  Twentt-foub  Houbs. 

Grammes. 
Mudy  very  thin      ...  ...  ...  ...        0*190 

„     thiok  ...  ...  ...  ...        0*545 

Sand  and  mud       ...  ...  ...  ...        0*762 

Pure  Band  ...  ...  ...  ...        1-442 

"  Regime  Hydraulique  de  la  Seine  Maritime,"  ML  Belleville: 
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Paris  Congress,  1889 ;  "  Hydrographic  Surveying :  a  Description 
of  the  Means  and  Methods  employed  in  constracting  Marine 
Charts,"  by  Captain  Wharton,  RN.  (London,  J.  Murray :  1882) ; 
**  General  Instructions  for  the  Hydrographic  Surveyors  of  the 
Admiralty"  (London,  sold  for  the  Hydrographic  Office  of  the 
Admiralty  by  J.  Potter :  1888) ;  "  Manual  for  Tidal  Observa- 
tions,  and  their  Reduction  by  the  Method  of  Harmonic  Analysis," 
by  Major  Baird,  RE.  (1886 :  Taylor  and  Francis,  London). 


CHAPTER  XIV. 

THE  USE  OF  WORKING  TIDAL  MODELS  FOR  THE  PURPOSE  OF 
INVESTIGATING  THE  ACTION  OF  CURRENTS  AND  THE  MOVE- 
MENT OF  SAND  IN  ESTUARIES. 

The  action  of  currents  in  an  estuary,  and  their  effect  on  the 
movement  of  the  sand,  and  on  the  creation  and  maintenance  of 
the  low-water  channels,  is  so  complex,  and  is  actuated  by  such 
a  number  of  causes,  and  varies  so  repeatedly  under  different 
conditions  of  the  tides,  that  it  is  practically  impossible  to  obtain 
a  complete  knowledge  of  these  by  any  process  of  observation  or 
surveying  which  can  be  applied  to  the  estuary  itself. 

By  means  of  a  tidal  model,  it  is,  however,  possible  to  bring 
under  immediate  observation  the  motion  of  the  various  currents 
during  all  states  of  the  tides,  and  to  observe  the  movement  of 
the  sands  beneath  the  clear  water. 

The  objection  may  naturally  be  raised  that  results  attained 
by  such  means  cannot  bear  an  analogy  to  the  actual  conditions 
of  an  estuary,  owing  to  the  absence  of  the  effect  of  wind  and 
waves,  and  the  full  momentum  of  the  tidal  wave  from  the  open 
ocean ;  and  also  to  the  necessary  exaggeration  of  the  vertical  as 
compared  to  the  horizontal  scale. 

It  must,  however,  be  borne  in  mind  that  the  main  features 
of  estuaries,  and  the  maintenance  of  their  channels  are  due  to 
the  regular  and  constant  action  of  the  tides,  and  not  to  the 
intermittent  action  of  winds  and  storms,  or  occasional  heavy 
land  floods.  These  agencies  may  for  a  time  disturb  the  rSgi/rae 
of  the  estuary,  but  the  natural  balance  of  forces  ultimately 
prevails,  and  the  channels  are  restored  to  their  normal  condi- 
tion. This  fact  is  shown  very  clearly  by  the  working  of  these 
tidal  models. 

It  has  been  decisively  shown,  by  models  working  under 
different  conditions  and  by  different  operators,  that  results 
fairly  approximate    to    those    actually  in   existence    can    be 
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obtained,  and  that  the  discrepancy  between  the  vertical  and 
horizontal  scales  does  not  materially  affect  the  disposition  of  the 
currents  or  their  effect  on  the  movement  of  the  sand. 

The  manner  in  which  the  particles  of  sand  are  conveyed  by 
the  water,  and  the  form  in  which  they  are  disposed  under  the 
continual  alteration  in  the  direction  of  the  current,  as  bearing 
on  the  formation  of  bars  and  the  maintenance  of  deep  pools,  can 
be  watched  in  these  tanks,  and  a  knowledge  obtained  which  it 
is  impossible  to  derive  from  observations  in  the  deep  water  of  an 
open  estuary. 

The  method  of  obtaining  a  knowledge  of  tidal  action  in 
estuaries  was  first  brought  before  engineers  by  Professor 
Osborne  Reynolds,  in  a  paper  which  he  read  to  the  Mechanical 
Section  of  the  British  Association  in  1887.  In  this  paper  Mr. 
Reynolds  described  the  results  which  he  had  obtained  from  a 
model  of  the  upper  estuary  of  the  Mersey.  The  subject  was 
considered  of  sufficient  importance  to  warrant  the  appointment 
of  a  committee  to  continue  the  investigations,  and  a  grant  from 
the  funds  of  the  Association  to  pay  the  cost  of  the  apparatus 
and  the  services  of  an  attendant.  In  concert  with  this 
committee,  consisting  of  Sir  J.  N.  Douglas,  Professor  W.  C. 
Unwin,  Professor  Osborne  Reynolds,  Messrs.  W.  Topley, 
K  Leader  Williams,  W.  Shelford,  0.  F,  Deacon,  H.  R.  Hunt, 
W.  H.  Wheeler,  and  W.  Anderson,  Professor  Osborne  Reynolds 
had  two  tanks  fixed  at  Owens  College,  Manchester,  which  were 
in  operation  for  a  period  of  nearly  two  years.  One  of  these 
tanks  was  only  half  the  size  of  the  other,  but  in  other  respects 
was  worked  in  the  same  manner.  The  object  of  having  tanks 
of  different  sizes  was  to  ascertain  whether  the  size  of  the  model 
and  the  variation  in  the  horizontal  and  vertical  scales  affected 
the  results  attained. 

Subsequently  Mr.  Yemon  Harcourt  experimentalized  on  a 
model  of  the  estuary  of  the  Seine,  with  training  walls  carried 
in  different  directions  from  the  end  of  the  river  towards  the 
sea,  the  results  of  which  he  communicated  in  a  paper  recorded  in 
the  Proceedinga  of  the  Royal  Society  in  1889.  The  same  estuary 
was  also  placed  under  observation  in  a  model  prepared  at  the 
expense  of  the  French  Government,  under  the  direction  of  M. 
Mengin,  the  engineer  in  charge  of  the  river.  The  author  has 
also  had  the  opportunity  of  carrying  out  observations  and 
experiments  in  a  tank  constructed  on  his  own  premises. 
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The  larger  tank  used  for  the  experiments  at  Owens  OoU^e 
was  11  feet  lOj^  inches  long,  3  feet  9^  inches  wide,  and  9  inches 
deep.  To  this  tank  was  hinged  the  tide-generator,  which  was 
the  same  width  as  the  tank,  and  3  feet  10^  inches  long.  The 
tank  was  made  of  pine  boards  fastened  together  with  screws ; 
it  was  lined  with  calico  saturated  with  marine  glue,  put  down 
with  hot  irons,  and  covered  with  a  coat  of  paraffin.  The  genera- 
tor was  suspended  from  two  side  levers  supported  on  cast-iron 
knife-edges  resting  in  grooves.  The  joint  between  the  generator 
and  the  tank  was  covered  with  indiarubber,  which  extended  up 
the  sides.  The  levers  were  balanced  with  weights.  The  genera- 
tor was  actuated  by  a  water-moter,  supplied  with  water  from 
a  tank,  into  which  it  was  pumped  up  again  after  use.  The 
consumption  of  water  was  about  one  gallon  to  100  revolutions. 
At  the  highest  speed,  two  tides  a  minute,  the  motor  made  200 
revolutions  a  minute,  requiring  13,000  gallons  to  keep  it  going 
three  days.  In  all  it  made  12 J  million  revolutions.  To  prevent 
any  interference  with  the  operations  of  the  tank  the  top  was 
covered  with  glass,  and  to  assist  in  making  surveys  of  the 
changes  of  the  sand  the  glass  was  divided  into  squares  by  black 
thread.  The  tank  was  covered  with  Calais  sand  and  with  Huna 
Bay  shell  sand,  about  30  bushels  being  required.  The  smaller 
tank  was  made  half  the  lineal  dimensions  of  the  one  described. 

The  tidal  period  adopted  for  the  model  was  calculated  from 
the  theory  of  wave  motions,  the  scale  of  velocity  being  made 
to  vary  as  the  square  roots  of  wave-heights,  and  the  velocities  in 
the  model  corresponding  to  those  in  the  actual  estuary  as  the 
square  root  of  the  vertical  scale. 

Let  H  =  vertical  scale  of  the  tank  (natural). 
L  =  horizontal  scale  of  the  tank  (natural). 
P  =  natural  tidal  period. 
X  =  tidal  period  for  tank. 

X  =  VBxJP 
L 
If  P  =  12  hrs.  25  min.  =  44,100  sec. 
TK..  Y  -  VH(44,100) 

L 

Taking  a  30-feet  rise  of  tide,  and  a  vertical  scale  for  the 
model  of  15  feet  to  the  inch,  or  1  to  180,  giving  a  rise  of  tide  of 
2  inches,  and  a  horizontal  scale  of  3^  inches  to  a  mile,  or  1  to 
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18,200;  then  the  tidal  period  for  the  tank   would  be  32*55 
seconds. 


18,200 

In  the  model  of  the  Mersey,  the  outline  of  the  coast  was 
modelled  to  a  scale  of  2  inches  to  a  mUe,  and  a  vertical  scale  of 
80  feet  to  an  inch.  The  high-tide  depth  was  made  equivalent  to 
20  feet.  The  tide  period  was  42  seconds.  The  floor  of  the 
estuary  was  laid  quite  level  After  running  a  certain  number  of 
tides  the  sand  was  again  levelled,  and  the  operation  repeated, 
fairly  similar  results  being  obtained  after  each  trial  The  sand 
came  to  a  state  of  equilibrium  after  about  6000  tides.  The 
general  results  were  as  follows :  After  running  about  2000  tides 
the  sands  began  to  assume  a  definite  shape ;  the  circulation  at 
the  top  of  the  flood  caused  a  general  rise  of  the  sand  on  the 
Cheshire  side  and  lowering  on  the  Lancashire,  after  which  the 
two  sides  maintained  a  steady  condition  as  regards  depth. 
During  this  time  banks  were  formed  and  low-tide  channels 
which  resembled  in  all  the  principal  features  those  actually  in 
the  Mersey:  the  eastern  bank  with  the  deep  Sloyne  on  the 
Cheshire  side,  the  Devil's  Bank  and  the  Qarston  Channel,  the 
EUesmere  Channel,  and  the  deep  water  in  Dungeon  Bay  and  at 
Dingle  Point, — ^all  were  very  marked  in  character  and  closely 
approximate  to  scale.  Subsequently  the  same  experiments  were 
repeated  with  similar  results  in  a  larger  model,  in  which,  the 
coast-lines  were  produced  on  a  scale  of  6  inches  to  a  mile,  with  a 
vertical  scale  of  33  feet  to  the  inch.  The  tidal  period  of  this 
model  was  80  seconds.  By  watching  the  motion  of  the  water 
and  the  currents  produced,  the  causes  of  all  these  features  could 
be  distinctly  traced  in  the  model 

In  the  tanks  at  Owens  College  no  actual  form  of  estuary  was 
modelled.  The  main  object  was  to  ascertain  whether  the  opera- 
tions were  affected  by  the  use  of  models  of  different  dimensions. 
The  sand  was  therefore  levelled  over  the  rectangular  tank,  and 
the  effect  of  the  action  of  the  water  in  it  noted.  Experiments 
were  also  made  with  a  V-shaped  estuary;  with  an  estuary 
having  a  river  with  long  tidal  run  at  its  head ;  and  with  a  river 
having  a  flow  of  fresh  water. 

The  general  results  attained  may  be  summarized  as  follows : — 

The  sand  assumed  an  inclined  plane  descending  down  the 
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tank  in  a  steadily  diminishing  manner.  There  was  a  constant 
tendency  for  sand  to  work  down  into  the  generator. 

The  experiments  made  with  tidal  periods  varying  from  33  to 
65  seconds,  gave  the  same  results  as  regards  the  formation  of  the 
sand. 

The  first  result  of  the  tide  was  always  to  dispose  the  sand  in 
a  continuous  slope,  gradually  diminishing  from  high  water  to  a 
depth  about  equal  to  the  tide  below  low  water. 

The  second  action,  to  groove  this  beach  into  banks  and  low- 
water  channels,  which  attained  certain  general  proportions. 
Ripple  marks  were  then  formed,  the  distance  between  the  tops 
of  the  largest  being  twelve  times  their  height,  which  was  one- 
fourth  the  rise  of  the  tide.  This  was  equal  to  7  or  8  feet  in 
height,  and  80  to  100  feet  apart. 

The  rippling  of  the  sand  played  an  essential  part  in  deter- 
mining the  rate  at  which  the  distribution  of  the  sand  was  effected, 
while  the  result  of  this  action  formed  a  conspicuous  feature  in  the 
final  distribution.  These  ripples  were  almost  confined  to  the 
surface  of  the  sand  below  low  water,  and  very  much  enhanced 
the  effect  of  the  water  to  shift  the  sand ;  they  also  served  to 
show  by  their  shape  in  which  way  any  shift  of  the  sand  was 
taking  place,  having  always,  when  the  sand  was  moving,  one 
steep  and  one  flat  slope.  When  the  slopes  were  equal  it  was 
an  indication  that  equilibrium  had  been  attained. 

In  the  estuaries  having  a  rectangular  form,  where  the  sand 
was  spread  evenly  over  the  whole  surface,  after  a  certain  number 
of  tides  there  were  always  three  or  more  low- water  channels ; 
whereas  in  the  V-shaped  estuary  the  tendency  was  to  form  one 
main  low-water  channel,  generally  down  the  centre  of  the 
estuary ;  but  if  the  low- water  channel  went  down  one  side  of  the 
estuary,  then  at  the  lower  end  there  was  on  the  other  side  a 
second  channel  starting  at  some  distance  down  the  estuary. 

In  the  experiments  where  the  water  was  allowed  to  run  up 
a  long  tidal  river,  decreasing  in  width  upwards,  and  discharging 
into  a  V-shaped  estuary,  the  time  occupied  by  the  tide  in  getting 
up  the  river  and  returning  caused  the  water  to  run  down  the 
estuary  while  the  tide  was  low,  and  necessitated  a  certain  depth 
of  water  at  low  water,  which  caused  the  channel  to  be  much 
deeper  at  the  head  of  the  estuary. 

The  effect  of  admitting  water  into  the  upper  part  of  the  river 
showed  that  the  stream  of  land  water  running  down  the  sand. 
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though  always  carrying  sand  down,  did  not  tend  to  deepen  the 
channel  in  the  estuary,  since  at  every  point  it  brought  as  much 
sand  as  it  carried  away.  The  principal  effect  of  the  land  water 
was  that,  running  in  narrow  channels  at  low  water,  it  continually 
eroded  the  concave  side,  keeping  the  banks  low,  and  preventing 
the  occurrence  of  fixed  banks  and  cha^nels.  The  effect  of  land 
water  in  keeping  open  the  upper  and  contracted  portions  of  the 
channel  was  well  shown  by  the  model. 

The  model  used  by  the  author,  shown  in  Fig.  61,  was  con- 


Section. 


Mlevation, 
Fio.  61.— WorUng  tidal  model. 

structed  very  much  on  the  same  lines  as  that  already  described. 
It  was  7  feet  3  inches  long  by  6  feet  wide,  and  6  inches  deep. 
The  generator  was  the  same  width  as  the  tank,  and  3  feet  long. 
The  bottom  was  first  painted,  then  covered  with  calico  while  the 
paint  was  wei  The  generator  was  balanced  by  two  weights  of 
cast  iron  weighing  1^  cwt  each ;  they  were  connected  to  the 
arms  of  the  generator  by  means  of  a  set  of  differential  levers,  so 
constructed  that  the  generator  was  in  a  state  of  equilibrium  at 
all  states  of  the  tide.    The  machinery  for  actuating  the  generator 
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was  driven  from  a  small  percussion  motor  by  water  obtained 
from  the  town  mains  under  a  pressure  of  25  lbs.  per  square  inch. 
The  motor  required  about  60  gallons  of  water  an  hour,  and  ran  at 
350  revolutions  a  minute.  The  generating  machineiy  was 
arranged  to  give  both  spring  and  neap  tides  in  the  proportion 
of  6  to  4. 

The  top  edges  of  the  tank  were  divided  into  inches,  and  a 
T-square  was  arranged  to  reach  across  the  tank,  also  marked 
in  inches.  By  this  means  the  modelling  and  plotting  of  the 
various  forms  of  estuaries  could  be  more  rapidly  accomplished. 
The  sand  used  was  blown  sand  from  the  hills  on  the  seashore, 
sifted  through  muslin,  and  well  washed  before  being  put  in  the 
tank.  This  kept  the  water  clear,  and  enabled  the  motion  of 
the  sand  to  be  seen  distinctly.  For  modelling  the  coast-lines, 
and  for  training  channels,  small  linen  bags  filled  with  sand  were 
used. 

The  cost  of  the  tank,  generator,  motor,  and  a  wooden  house 
with  glass  roof  in  which  it  was  placed,  was  about  £50. 

The  whole  of  the  apparatus  was  designed  by  and  carried  out 
under  the  direction  of  Mr.  Herbert  Wheeler,  C.E.,  the  author's 
son,  who  also  assisted  him  in  making  the  observations  and  noting 
the  results. 

The  general  results  of  the  observations  made  with  this  tank 
confirmed  those  of  Professor  Osborne  Reynolds.  There  was 
always  a  tendency  for  a  certain  amount  of  sand  to  work  down- 
wards into  the  sea,  as  represented  by  the  generator;  the 
motion  of  the  sand  was  confined  to  the  first  quarter  of  the  flood 
and  the  last  quarter  of  the  ebb.  When  the  sand  attained  a 
smooth  surface  there  was  no  movement  of  the  particles,  but  only 
when  it  was  in  furrows  and  ripples.  The  steep  side  of  the  ripples 
was  always  on  the  side  opposite  to  that  from  which  the  water 
was  coming.  Under  certain  conditions  well-developed  bars  were 
formed  at  the  lower  end  of  the  channels;  a  bore  always  appeared 
in  the  river  channels  when  the  sections  of  these  were  small  com- 
pared to  the  quantity  of  tidal  water  which  was  poured  into  them. 
In  an  estuary  with  a  coast-line  similar  to  the  Wash,  the  tide  and 
half-tide  and  currents,  taking  almost  the  identical  direction  of 
those  actually  prevailing,  were  reproduced.  After  running  a 
certain  number  of  tides  an  equilibrium  became  established,  and 
very  little  further  change  took  place,  the  main  features  remaining 
unchanged. 


TIDAL   MODELS.  333 

Mr.  Einipple,  from  experiments  made  with  a  working  tidal 
model,  has  expressed  the  opinion  that  trustworthy  results  can  be 
obtained  from  these  small  reproductions  of  estuaries,  and  the 
effect  of  training  banks  and  groynes  be  watched  with  profit. 
The  model  he  used  differed  from  those  already  described,  as  being 
on  a  smaller  scale  and  worked  by  clockwork.  It  was  also  pro- 
vided with  a  glass  bottom,  the  light  being  placed  beneath  the 
model  in  a  darkened  room,  by  which  means  the  motion  of  the 
particles  of  sand  could  be  distinctly  seen. 

The  results  obtained  by  piers,  training  walls,  groynes,  or  from 
enclosures  in  models  of  this  description,  are  not  to  be  taken  as 
reliable  guides  for  carrying  out  works  in  an  open  estuary.  They 
are,  however,  valuable  aids  as  indicating  results  that  may 
occur,  and  as  affording  suggestions  which  can  be  followed  up  and 
investigated.  By  altering  the  conditions  of  a  model  estuary  by 
training  walls  in  one  particular  part,  results  may  ensue  in  other 
parts  that  had  not  been  anticipated,  but  which,  on  carefully 
watching  the  flow  of  the  water  and  the  movement  of  the  sand, 
Cfiui  be  traced  to  such  causes  as  would  prevail  in  an  estuary  under 
similar  conditions.  There  is  always  an  element  of  uncertainty 
as  to  the  result  of  works  carried  out  for  the  improvement  of 
estuaries,  and  by  the  aid  thus  afforded  mistakes  may  be  avoided 
and  waste  of  money  prevented. 

The  reports  referred  to  in  this  chapter  are,  "On  Certain 
Laws  relating  to  the  Regime  of  Rivers  and  Estuaries,  and  on 
the  Possibility  of  Experiments  on  a  Small  Scale,"  by  Professor 
Osborne  Reynolds,  British  Association  Report,  1887 ;  Report  of 
the  Committee  appointed  to  investigate  the  Action  of  Waves 
and  Currents  on  the  Beds  and  Fore-shores  of  Estuaries  by 
means  of  Working  Models,  British  Association  Report,  1889 ; 
second  Report  of  the  same  Committee,  1890 ;  "  The  Principle  of 
Training  Rivers  through  Tidal  Estuaries,  as  illustrated  by 
Investigations  into  the  Methods  of  improving  the  Navigation 
Channels  of  the  Estuary  of  the  Seine,"  by  L.  F.  Vernon 
Harcourt,  'Proc,  Royal  Society,  1889. 


CHAPTER  XV. 

EXAMPLES  OF  RIVER  IMPROVEMEKT. 

The  Clyde  affords  a  most  remarkable  instance  of  the  results 
which  can  be  obtained  by  the  development  of  a  small  tidal  river. 
The  Clyde  naturally  is  a  very  insignificant  river,  being  only  98 
miles  long,  and  draining  945  square  miles.  In  its  original  state 
it  was  fordable  12  miles  below  Glasgow  in  summer,  and  the 
channel  generally  was  so  shallow  and  encumbered  with  shoals, 
that  barges  drawing  from  3  to  4  feet  could  only  reach  Glasgow 
on  the  top  of  a  spring  tide.  Even  after  some  of  the  worst  shoals 
had  been  removed,  the  first  steamer  that  navigated  the  river, 
although  drawing  only  four  feet,  could  not  leave  Glasgow  until 
high  water,  and  even  then  she  frequently  ran  aground,  and  the 
passengers  had  either  to  wait  for  the  next  tide  or  wade  ashore. 
Now  the  steamers  plying  on  the  river  convey  nearly  2J  million 
passengers  in  a  year. 

The  number  of  ships  on  the  Register,  at  Glasgow,  in  1810  was 
24,  of  a  total  tonnage  of  1956  tons,  and  an  average  tonnage  oi 
82.  The  increase  since  then  has  been  fairly  gradual,  till  in  1891 
the  number  was  1576,  representing  1,316,809  tons,  in  addition 
to  309  at  Greenock  of  240,100  tons ;  the  average  tonnage  being 
815,  and  19  of  the  vessels  being  above  3000  tons.  The  number 
of  vessels  entering  the  port  from  foreign  countries  and  coast-wise 
in  1891  was — 

Venels.  Tonnage.  Avenge  tonnage. 

Glasgow        ...  ...        9,075  2,711,697  8004 

Greenock      ...  ...        7,977  1,605,659  2012 

Total    ...      17,052  4,817,256 

About  a  century  ago  Glasgow  was  a  small  city  containing 
only  about  35,000  inhabitants.  The  population  now  is  the 
largest  in  Great  Britain  next  to  London,  amounting  with  the 
suburbs  to  about  three-quarters  of  a  million. 
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The  Clyde  may  be  considered  as  the  birthplace  of  the  steam- 
ship, steam  navigation  having  been  proved  as  practically  and 
commercially  possible  by  the  construction  of  the  Comet  in  1812, 
which  ran  on  the  river  regularly  between  Glasgow  and  Greenock, 
the  Charlotte  Dundas  having  been  run  on  the  Forth  and  Clyde 
Canal  ten  years  previously.  From  these  small  beginnings  the 
Clyde  has  become  the  greatest  centre  of  steamship  building  in 
the  world,  there  being  about  40  shipbuilding  yards  situate  on 
the  bank  of  the  river,  and  the  quantity  of  shipping  built  being 
greater  than  at  any  other  port  in  Great  Britain,  and  as  great  as 
the  Tyne,  the  Thames,  and  the  Mersey  put  together.  On 
the  Clyde  have  been  built  some  of  the  largest  passenger-steamers 
afloat,  including  the  Umbria,  the  Etruria,  the  Paris  and  the 
New  York,  the  Lucunia,  and  the  Campania. 

The  Clyde  is  also  the  chief  seat  of  the  construction  of 
dredging-plant,  such  well-known  works  as  those  of  Messrs. 
Fleming  and  Ferguson,  Messi*s.  Symon  and  Co.,  and  Messrs. 
Lobnitz,  being  situated  in  the  neighbourhood  of  this  river. 

The  tonnage  of  shipping  constructed  on  the  Clyde  averaged 
227,868  tons  during  the  three  years  1890-92. 

The  first  attempt  to  improve  the  river  was  made  by  the 
inhabitants  in  1566,  by  opening  out  a  sandbank  at  Dumbuck, 
above  Dumbarton  (Fig.  62),  at  which  they  laboured  for  several 
weeks,  residing  during  the  time  in  temporary  huts  built  on  the 
river-banks.  About  a  hundred  years  later  the  magistrates  of 
Glasgow,  who  then  had  charge  of  the  river,  deeming  it  not 
possible  to  get  vessels  up  to  Glasgow,  determined  on  making 
provision  for  them  at  the  lower  end  of  the  river,  and,  after  being 
refused  assistance  from  the  authorities  of  Dumbarton  on  the 
ground  that  the  bringing  of  vessels  there,  "  owing  to  the  great 
influx  of  mariners  and  others,  would  raise  the  price  of  provisions 
to  the  inhabitants,"  finally  purchased  13  acres  of  land  further 
down  on  the  south  side  of  the  river,  where  they  built  a  harbour 
and  the  first  graving  dock  in  Scotland,  and  established  the  town 
of  Port  Glasgow.  After  all  this  had  been  done  there  remained, 
however,  a  strong  desire  to  get  vessels  up  to  Glasgow  if  possible. 

In  1755  Smeaton  was  consulted ;  thirteen  years  afterwards, 
J.  Golbome  of  Chester;  and  three  years  later,  James  Watt. 
From  Smeaton's  reports,  it  appears  that  at  the  western  boundary 
of  the  present  harbour  there  was  then  only  1  foot  3  inches  at  low 
water,  and  3  feet  8  inches  at  high  water ;  and  for  several  miles 
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down  the  river  the  depth  did  not  exceed  18  inches  at  low  water, 
and  barely  reached  4  feet  at  high  water.  Vessels  coming 
with  cai^oes  for  Glasgow  had  to  discharge  into  barges  at  Port 
Glasgow,  as  boats  drawing  more  than  3  feet  could  not  reach 
the  city. 

Smeaton,  in  his  report,  advised  that  the  upper  portion  ot  the 
river  should  be  canalized,  and  the  tide  excluded  by  means  of  a 
dam  and  lock  at  Martin  Ford,  4  miles  below  Glasgow;  the 
lock  to  be  18  feet  in  the  clear,  and  to  take  in  a  vessel  70  feet 
long  or  of  100  tons,  when  there  was  water  in  the  river  to  admit  it. 
In  1759  an  Act  was  obtained  for  power  to  construct  this  dam, 
and  to  cleanse,  scour,  straighten,  enlarge,  and  improve  the  river 
from  Dumbuck  Ford  to  Glasgow,  a  distance  of  12  miles. 

Fortunately  for  Glasgow,  before  these  works  were  carried 
out  the  magistrates  had  obtained  further  advice. 

To  Golbome  may  be  ascribed  the  first  real  attempt  at  the 
systematic  improvement  of  the  Clyde.  He  convinced  the 
magistrates  that  the  river  would  be  improved  by  contracting 
the  channel  by  rubble  jetties,  and  deepening  the  shoals  by 
ploughing  and  breaking  them  up.  The  former  Act  was  there- 
fore amended  by  a  second  obtained  in  1770,  in  which  it  was 
stated  that  it  was  intended  to  obtain  7  feet  of  water  up  to 
Glasgow  at  high  water  of  neap  tides.  Golbome,  in  his  report, 
describes  the  principle  on  which  he  intended  to  deal  with  the 
river  as  follows :  "  The  river  Clyde  is  at  present  in  a  state  of 
nature,  and  for  want  of  due  attention  has  been  allowed  to 
expand  too  much,  and  has  gained  in  bi*eadth  what  is  wanting  in 
depth.  I  shall  proceed  on  the  principle  of  assisting  Nature  when 
she  cannot  do  her  own  work,  by  removing  the  stones  and  hard 
gravel  from  the  bottom  of  the  river  where  it  is  shallow,  and 
by  contracting  the  channel  where  it  is  now  too  wide.  By 
these  means,  easy  and  simple  in  themselves,  without  laying 
a  restraint  on  Nature,  I  humbly  conceive  that  the  river  Clyde 
may  be  deepened  so  as  to  have  4  feet  or  perhaps  5  feet  up  to  the 
Broomielaw  at  low  water." 

For  the  purpose  of  deepening  the  river,  ordinary  ploughs 
drawn  by  horses  were  used  to  loosen  the  sandbeds  which  dried 
at  low  water ;  and  for  the  shoals  covered  with  water  a  specially 
made  plough  and  harrows  were  used,  worked  by  hand-capstans 
placed  on  the  river-bank,  the  material  thus  loosened  being 
carried  away  by  the  ebb  current 

z 
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The  wide  parts  of  the  channel  were  contracted  by  stone  jetties 
carried  out  from  the  shore,  upwards  of  200,  varying  in  len^h 
from  50  to  560  feet,  being  placed  between  Glasgow  bridge  and 
Bowling.  The  works  carried  out  by  Golbome,  at  a  cost  of 
£2300,  resulted  in  a  general  deepening  of  the  bed  of  the  river 
and  an  increase  of  tidal  propagation,  the  depth  of  water  at 
Dumbuck  shoal  being  increased,  over  a  width  of  300  feet,  from 
1  foot  to  6  feet  at  low  water. 

The  magistrates  were  so  satisfied  with  the  improvements 
made  by  Golborne  that  thirteen  years  later  he  was  again  called  in 
and  asked  to  advise  as  to  the  deepening  of  the  channel  up  to 
Broomielaw.  On  making  a  fresh  survey  of  the  river,  he  found 
that  the  contraction  of  the  channel  by  his  jetties  had  resulted  in 
further  deepening,  and  that  the  shoal  at  Dumbuck  Ford  had 
then  14  feet,  and  in  other  parts  of  the  channel  there  was  as 
much  as  20  feet.  He  therefore  advised  a  continuance  of  the 
same  course  as  had  previously  been  carried  out.  The  result 
following  the  carrying  out  of  this  advice  was  so  satisfactory  that 
the  merchants  and  Town  Council  of  Glasgow,  in  1775,  presented 
him  with  a  silver  cup  and  £1500,  and  at  the  same  time  pre- 
sented his  son,  who  had  assisted  him  in  the  work,  with  £100. 

Golbome  was  followed  as  engineer  by  John  Rennie.  In  a 
survey  made  of  the  river  in  1799,  he  found  that  the  spaces 
behind  the  transverse  jetties,  which  had  been  put  in  under 
Golbome's  direction,  had  warped  up  to  a  very  considerable 
extent.  He  advised  that  these  jetties  should  be  further  extended 
so  as  to  bring  the  channel  to  a  more  uniform  width,  and  when 
this  was  done  and  the  land  at  the  back  warped  up  sufficiently, 
their  ends  should  be  joined  by  low  rubble  training  walls  running 
parallel  with  the  river. 

The  width  of  the  channel  as  set  out  under  Rennie's  direction 
had  afterwards,  owing  to  the  increase  of  the  shipping,  to  be 
considerably  increased.  The  land  which  had  accreted  behind 
the  training  walls  was  claimed  by  the  riparian  proprietors,  and 
when  it  became  necessary  to  widen  the  river,  the  Clyde  trustees 
had  to  pay  for  the  land  which  had  thus  been  made  by  their 
works. 

The  following  were  the  widths  at  low  water  of  the  river  aa 
laid  out  by  Rennie,  and  as  they  are  at  the  present  time : — 
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The  width  before  the  training  walls  were  put  in  was  800  feet 
near  the  river  Cart. 

Telford  was  subsequently  consulted,  and  in  1806  he  reported 
approving  the  construction  of  the  parallel  training  walls  begun 
under  the  advice  of  Bennie,  and  advised  that  further  works  of 
improvement  should  be  directed  with  the  object  of  leading  or 
bringing  up  a  greater  quantity  of  tidal  water.  He  mentions  in 
his  report,  as  an  instance  of  the  improvement  which  had  already 
resulted  from  the  training  and  deepening,  that  a  vessel  of  120 
tons,  drawing  8  feet  6  inches  of  water,  had  been  able  to  get  up 
to  Glasgow  on  an  ordinary  spring  tide.  Under  his  advice,  a 
towing-path  between  Glasgow  and  Renfrew  was  made,  having  a 
width  of  20  feet. 

In  1825  the  jurisdiction  of  the  trustees  was  extended  to  Port 
Glasgow,  and  the  constitution  of  the  Trust  extended.  In  1858  a 
Consolidation  Act  was  obtained,  by  which  the  Trust  as  now 
constituted  was  formed.  The  number  of  trustees  consists  of 
twenty-five,  and  indues  the  Lord  Provost  and  nine  members 
of  the  Town  Council  of  Glasgow,  the  others  being  chosen  by 
the  various  bodies  interested  in  the  shipping  and  commerce  of 
the  river. 

In  1835  Rennie  was  succeeded  by  James  Walker  as  engineer 
to  the  Trust.  A  report  presented  by  him  shows  that  the  depth 
of  low  water  in  the  harbour  at  that  time  was  from  7  to  8  feet» 
and  15  feet  high  water  of  spring  tides,  the  time  of  high  water 
having  been  accelerated  If  hours  by  the  improvements  already 
carried  out. 

In  1839  the  Trust  obtained  further  powers  from  Parliament, 
to  carry  out  improvements  on  the  lines  laid  down  by  Mr.  Walker^ 
and  these  have  not  since  been  materially  departed  from. 

Owing  to  the  deepening  of  the  channel  from  the  works  of 
improvement  carried  out  at  the  end  of  the  last  century,  the  bed 
of  the  river  became  so  lowered  as  to  endanger  the  foundations 


340  TIDAL  RIVERS. 

of  Qlasgow  bridge.  To  prevent  this  a  weir  was  built  across  the 
river  in  1778,  the  crest  being  at  the  level  of  the  original  bed  of 
the  river.  For  the  purpose  of  improving  the  harbour,  this  weir 
was  subsequently  removed ;  but,  in  order  to  hold  up  the  water 
in  the  river  for  the  use  of  the  waterworks,  whose  supply  was 
then  taken  out  of  it  at  a  place  about  2  miles  higher  up,  another 
weir  was  erected  in  1841,  500  yards  higher  up,  at  Stockwell 
bridge.  Spring  tides  flowed  over  the  crest  of  this  weir  from 
3  to  4  feet.  This  weir,  which  in  the  mean  time  had  again  been 
moved  higher  up  the  river,  was  removed  about  thirteen  years 
ago,  and  the  tide  allowed  a  free  run. 

Dredging  was  first  commenced  in  the  river  in  1740,  the 
magistrates  expending  the  sum  of  £100  in  procuring  a  flat- 
bottomed  boat  for  removing  the  shingle  from  the  shoals,  in 
order  to  render  the  river  more  suitable  for  vessels  coming  up 
to  the  Broomielaw. 

Subsequently  a  machine  was  used  for  loosening  the  material, 
called  a  "porcupine  plough,"  which  was  5  feet  long,  3 J  feet 
wide,  and  1  foot  4  inches  deep.  This  was  dragged  backwai*ds 
and  forwards  over  the  shoals  by  chains  leading  from  a  barge 
moored  in  the  river  to  the  shore,  and  moved  by  men  working 
capstans  fixed  on  the  barge.  The  sand  and  shingle  were  drawn 
to  the  shore  by  the  plough,  and  removed  by  hand-labour  at  low 
water.  Afterwards  harrows  were  used,  drawn  by  a  steamboat 
over  the  shoals  when  freshets  were  running,  the  material  being 
left  to  be  carried  away  by  the  stream. 

In  1824  the  first  steam-dredger  was  employed.  The  plant 
now  consists  of  one  twin-screw  ladder  dredger,  recently  added 
to  the  fleet,  200  feet  long,  37  feet  beam,  and  capable  of  raising 
600  tons  an  hour  in  40-feet  depth  of  water ;  and  four  twin-screw 
hopper  barges  of  1000  tons  capacity.  The  older  plant  consists 
of  6  ladder  bucket  dredgers,  18  steam  hopper  barges,  plant  for 
diving  and  lifting  heavy  stones,  and  several  tugs  and  other 
craft. 

The  total  quantity  of  material  removed  between  1844  and 
1890  was  35jt  million  cubic  yards.  The  quantity  annually  re- 
moved in  recent  years  has  been  about  a  million  cubic  yards  from 
the  river,  besides  about  half  a  million  from  the  new  Cessnoek 
Dock,  the  total  quantity  to  be  removed  from  this  dock  and  its 
approaches  by  dredging  being  4^  million  cubic  yards. 

Of  the  total  quantity  removed  from  the  river  in  recent  years. 
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about  half  has  been  due  to  the  matter  deposited  in  the  river 
from  the  sewers  of  Glasgow,  and  the  mud  washed  in  from  the 
upper  river.  During  the  year  1891  it  was  calculated  that 
900,000  cubic  yards  was  deposited  matter.  The  remainder  has 
been  due  to  the  deepening  of  the  channel  over  the  shoal  placea 

The  material  taken  from  the  river  was  in  the  early  days 
deposited  in  the  shoal  places  at  the  sides.  A  large  area  of  land 
was  thus  raised  and  made  available  for  cultivation.  Since  1862 
the  dredgings  have  been  deposited  in  Loch  Long,  27  miles  from 
Glasgow.  Objection  having  been  made  to  the  continuance  of 
this  by  residents  on  the  banks  of  the  loch,  the  dredgings  from 
the  channel  of  the  river  will  in  future  have  to  be  carried  to 
a  place  of  deposit  at  a  greater  distance. 

A  great  quantity  of  boulders,  some  of  large  size,  have  been 
removed  from  the  bed  of  the  river  by  means  of  the  diving-bell 
and  by  cranes  fixed  on  a  barge  constructed  for  the  purpose.  A 
ridge  of  whinstone  which  stretched  across  the  river  at  Elderslie, 
which  was  000  feet  long  by  300  feet  wide,  has  been  cleared  away 
by  blasting  with  dynamite  by  the  aid  of  the  diving-belL  The 
cost  of  the  removal  of  this  ridge  was  £70,000.  The  depth  over 
the  site  of  the  ridge  at  low  water  is  now  20  ieet. 

In  the  lower  part  of  the  river  Clyde,  below  Newark  Castle, 
which  is  under  the  jurisdiction  of  the  Clyde  Lighthouse  Trustees, 
where  the  ruling  depth  in  1880  varied  from  12  to  14  feet,  a 
channel  492  feet  wide  at  the  bottom  and  600  feet  at  the  top  has 
been  dredged  to  a  depth  of  18  feet  and  23  feet  up  to  the  James 
Watt  Dock.  The  curves  at  Garvel  and  Cartsdyke  Bay  have 
been  eased  from  a  radius  of  3400  feet  and  1850  feet  respectively 
to  4300  and  3700  feet.  Dredging  is  still  going  on,  about  half 
a  million  tons  being  removed  annually. 

Li  1867  the  Kingston  Dock,  having  5}  acres,  was  opened ;  in 
1882,  the  Queen's  or  Stobcross  Dock,  having  34  acres;  and 
shortly  the  Cessnock  Dock,  having  38  acres,  will  be  opened. 
This  does  not,  however,  represent  the  accommodation  given  for 
shipping.  Owing  to  the  small  rise  of  tide  and  the  depth  of 
the  channel  at  low  water,  both  sides  of  the  river  in  the  harbour 
afford  quay-room  for  vessels  of  large  tonnage,  the  quays  extend- 
ing for  a  length  of  upwards  of  six  miles,  and  the  water-area 
amounting  to  160  acre&  The  Queen's  Dock  is  not  provided  with 
gates,  being  open  to  the  river,  and  the  water  in  it  rising  and 
falling  with  the  tides. 
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The  first  dock  at  Greenock  was  opened  in  1710.  The 
Victoria  harbour  was  completed  in  1850,  at  a  cost  of  £120,000, 
and  the  Albert  harbour  in  1862,  at  a  cost  of  £250,000.  The 
James  Watt  Dock,  which  is  2000  feet  long,  300  feet  wide,  with 
an  entrance  75  feet  wide  and  a  depth  at  low  water  of  32  feet, 
was  opened  in  1885,  the  cost  being  £350,000. 

The  Clyde  is  connected  with  the  Frith  of  Forth  on  the  East 
Coast  by  means  of  the  Forth  and  Clyde  Canal,  constructed  in 
1790.  Its  length  is  35  miles.  It  has  20  locks  74  feet  long  by 
20  feet  wide,  which  admit  vessels  of  8^  feet  draft. 

The  works  as  recommended  by  Mr.  Walker  were  continued 
under  the  direction  of  Mr.  Bold,  the  resident  engineer,  and 
subsequently  by  Mr.  Brenner  and  Mr.  Ure.  In  1869  Mr.  James 
Deas  was  appointed  engineer  to  the  trust.  The  extensive  im- 
provements which  have  been  carried  out  in  recent  years  have 
been  executed  under  his  direction  by  the  staff  of  the  Trustees 
without  the  aid  of  contractors. 

The  effect  of  the  improvements  has  been  to  depress  the  level 
of  low  water  at  Glasgow  8  feet,  and  to  increase  the  depth  of 
water  at  spring  tides  from  3  feet  in  1755  to  15  feet  in  1830, 
19  feet  in  1850,  22  feet  in  1870,  and  30  feet  at  the  present  time. 
The  depth  at  low  water  has  been  increased  from  18  inches, 
and  the  ruling  depth  between  Glasgow  and  Port  Glasgow 
may  now  be  taken  as  20  feet  at  low  water.  It  is  intended 
to  still  further  deepen  the  channel  by  removing  the  existing 
shoals,  and  so  bringing  the  bottom  to  a  uniform  level  through- 
out. The  level  of  high  water  has  been  raised  10  inches  at 
Glasgow,  and  the  time  of  high  water  has  been  advanced  three 
hours  since  the  beginning  of  the  present  century,  and  three- 
quarters  of  an  hour  since  1835.  The  size  of  vessels  which  can 
navigate  the  river  has  been  increased  from  30  to  over  3000 
tons.  The  income  of  the  Trust  has  risen  from  £68,875  in  1851 
to  £354,608  for  the  year  1891. 

In  one  respect  the  Clyde  reflects  no  credit  on  the  Trustees  or 
on  the  Sanitary  Authority  of  Glasgow.  The  bright  pure  water 
that  is  sent  down  the  stream  from  its  source,  and  the  clean  tidal 
water  that  comes  up  through  the  loch  from  the  sea,  is  polluted 
by  the  sewage  of  the  vast  population  that  resides  on  the  banks 
of  the  river  and  its  tributaries.  Considering  the  enormous 
traffic  that  is  continuously  engaged  on  the  river,  and  the  im- 
mense wealth  represented  by  the  shipping  and  its  attendant 
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industries,  it  is  difficult  to  realize  the  fact  that  this  traffic  has  to 
be  conducted  along  a  channel  that  is  scarcely  in  a  better  con- 
dition than  an  open  sewer,  or  that  the  Trustees  should  have  to 
spend  a  sum  estimated  at  from  £10,000  to  £12,000  a  year  in 
dredging  out  the  solid  refuse  that  is  discharged  into  the  river. 
At  all  times  this  sewage  oscillates  backwards  and  forwards  with 
the  tides;  but  in  summer,  when  the  quantity  of  fresh  water 
coming  down  is  small,  ite  progress  seawards  is  veiy  slow,  and 
the  pollution  becomes  greater  day  by  day.  From  experiments 
made  with  floats  at  different  periods,  it  was  shown  that,  with 
a  moderate  amount  of  fresh  water  coming  down,  these  floats 
oscillated  over  a  length  of  about  12  miles  from  Glasgow  down- 
wards, the  advance  being  about  2-42  miles  in  a  tide ;  and  that 
sewage  poured  in  at  Glasgow  did  not  reach  Govan,  2j^  miles,  in 
less  than  a  week,  or  the  mouth  of  the  Gait  in  less  than  a  fort- 
night, and  that  it  would  take  more  than  a  month  for  it  to  get 
as  £eu:  as  Dumbarton.  While  the  lighter  matters  held  in  suspen- 
sion are  thus  oscillating  backwards  and  forwards,  the  detritus 
and  heavy  refuse  which  settles  on  the  bed  of  the  channel  has 
to  be  removed  by  dredging.  More  than  twenty  years  ago  the 
Commissioners  appointed  to  inquire  into  the  pollution  of  rivers, 
reported  that  nowhere  had  they  found  so  great  a  contrast  as 
existed  between  the  unpolluted  water  which  came  down  the 
Clyde,  one  of  the  most  beautiful  rivers  in  Scotland,  and  the 
"foul  and  stinking  flood"  to  which  it  changed  in  the  lower 
part  of  its  course,  and  that  within  the  space  of  a  few  miles 
the  subject  of  river-pollution  was  exhibited  in  almost  all  its 
forms,  and  might  be  witnessed  in  every  degree  of  intensity. 

Report  and  Evidence  of  the  Tidal  Harbour  Commissioners, 
1846  and  1847.  "  The  River  Clyde,"  by  James  Deas,  Froc.  Inst. 
C.E.,  voL  xxxvi.  Pollock's  "  Dictionary  of  the  Clyde  "  (Glasgow, 
1888).  Reports  of  J.  Smeaton,  1755;  J.  Golborne,  1768,  1781 ; 
J.  Watt,  1769 ;  J.  Rennie,  1799,  1807,  1809 ;  T.  Telford,  1806 ; 
D.  Logan,  1835;  J.  Walker,  1836;  J.  Scott-Russell  on  "The 
Tidal  Wave  of  the  Clyde,"  1838 ;  W.  Bald,  1839,  1844.  Rivers 
Pollution  Commission,  Fourth  Report  (Scotland,  1872). 

The  Tyne. — The  conditions  under  which  the  improvements  in 
this  river  have  been  carried  out  difler  from  those  of  the  Clyde 
and  the  Tees.  In  the  latter  rivers  the  gradual  improvement  of 
the  tidal  navigation  may  be  said  to  have  developed  the  traffic, 
and  the  industries  which  are  now  carried  on  along  their  course. 
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The  improvement  works  of  the  Tyne  followed  the  develop- 
meut  of  the  coal  trade. 

The  Tyne  as  a  navigable  river  was,  in  its  natural  condition, 
in  better  order  than  either  the  Clyde  or  the  Tees  ;  the  distance 
up  the  river  to  the  principal  town  was  only  about  10  miles,  as 
compared  with  40  miles  from  the  sea  to  Glasgow,  and  13  to 
Stockton.  The  Tyne  from  very  early  times  had  been  the  chief 
port  of  export  for  coaL  Until  the  opening  out  of  the  railway 
system,  almost  the  entire  supply  of  London  and  other  towns 
remote  from  coal  districts  was  conveyed  from  the  Tyne  by 
sailing  colliers  loaded  from  the  Northumberland  coal-mines. 
So  early  as  1536  a  charter  had  been  granted  by  Henry  VIIL  to 
the  Trinity  House  of  Newcastle-on-Tyne,  with  power  to  build 
two  light-towers  at  the  entrance  of  the  river,  and  levy  dues  on 
the  shipping  for  their  maintenance. 

Until  the  middle  of  the  present  century,  the  river  seems 
rather  to  have  been  regarded  by  the  Corporation  of  Newcastle, 
which  formerly  had  charge  of  it,  as  a  means  of  producing 
revenue  for  town  purposes  rather  than  as  a  national  trust 
to  be  used  for  the  advantage  of  the  shipping  interest.  The 
improvements  carried  out  were  of  a  very  limited  character,  and 
it  was  only  after  great  pressure  was  brought  to  bear  by  the 
coal-owners  and  shipping  interest,  who  showed  conclusively  the 
injury  that  was  resulting  to  the  whole  district  by  trade  being 
driven  to  other  places  where  modem  facilities  were  being  afforded 
to  the  navigation,  that  the  management  of  the  river  wa^  trans- 
ferred by  Parliament  to  a  new  conservancy  commission,  and  the 
works  commenced  which  have  given  the  Tyne  a  place  amongst 
the  iirst  ports  of  the  world.  These  works  afford  a  remarkable 
instance  of  that  spirit  of  enterprise  which  has  in  this  country 
induced  local  authorities,  without  any  aid  from  the  Covemment, 
to  carry  out  works  of  national  importance.  The  magnificent 
harbour  of  refuge  which  now  provides  a  safe  haven  in  stormy 
weather  for  the  large  fleet  of  vessels  continually  navigating  this 
dangerous  part  of  the  coast  has  been  originated  and  successfully 
caiTied  out  by  the  Tyne  Conservancy  Commission,  by  funds 
provided  entirely  from  local  dues. 

The  Tyne  (Fig.  63)  is  only  a  small  river,  118 J  miles  in  length, 
and  draining  1142  square  miles.  It  is  tidal  for  about  19  miles. 
In  its  natural  state  it  had  a  tortuous  channel,  generally  narrow, 
but  varying  considerably  in  width.    The  entrance  from  the  sea 
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was  very  dangerous,  especially  in  north-east  gales.  The  depth 
of  water  over  the  bar  was  only  6  feet  at  low  water  spring  tides, 
and  21  feet  at  high  water.  Even  after  the  improvements  carried 
out  by  the  Corporation,  vessels  drawing  from  17  to  18  feet»  after 
being  loaded,  were  frequently  detained  for  several  weeks  during 
the  continuance  of  north-easterly  gales.  The  largest  vessels 
that  could  get  to  Newcastle  even  so  late  as  40  years  ago  did 
not  draw  more  than  15  feet,  and  smaller  river  steamers  drawing 
from  3  to  4  feet  frequently  grounded  on  the  shoals  at  low  water. 

In  1832,  Tyne  Main  Shoal  had  on  it  only  2  feet  at  low  water 
of  spring  tides,  and  13^  feet  at  high  water.  This  shoal  was 
deepened  previous  to  1842;  but  Hebbum  Shoal,  which  then 
practically  governed  the  navigation  of  the  river,  had  on  it  only 
14^  feet  at  high  water  of  spring  tides ;  Wellington  Shoal,  a  mile 
lower  down  the  river,  15  feet;  and  Howden  Shoal,  15 j^  feet.  In 
1858  the  available  depth  over  the  shoalest  part  of  the  river 
had  been  increased  to  18  feet. 

All  this  has  been  changed  by  the  present  Commission.  The 
breakwaters  now  aflford  a  safe  harbour  of  refuge  for  vessels 
navigating  this  part  of  the  coast,  upwards  of  600  vessels  bound 
for  other  ports  running  in  for  shelter  in  the  course  of  a  year. 

In  Shields  harbour,  for  a  space  of  about  1^  mile  in  length, 
there  is  a  pool  30  feet  deep  at  low  water  of  spring  tides,  where 
vessels  can  safely  moor.  There  is  now  20  feet  at  low  water  of 
spring  tides  over  the  bar,  and  vessels  can  leave  the  harbour  at 
any  time  that  it  is  safe  for  them  to  go  to  sea.  The  river 
between  Shields  and  Newcastle,  and  up  to  the  boundary  of  the 
Commissioners'  jurisdiction,  has  been  deepened  by  dredging  and 
regulated  by  groynes  and  training  walls,  and  widened  in  places 
where  the  channel  was  obstructed,  by  the  removal  of  two 
million  tons  of  rock.  Where  formerly  there  was  only  3  feet 
there  is  now  20  feet  at  low  water  up  to  Newcastle,  and  18  feet 
for  3  miles  further  up  the  river. 

In  1854  the  average  size  of  the  vessels  trading  to  the  port 
was  149  tons.  In  1891  it  had  increased  to  480  tons,  and 
steamers  of  3000  tons  can  be  navigated  along  the  river.  Ship- 
building— which  at  the  beginning  of  the  present  century  was  a 
considerable  industry,  47  vessels,  of  an  aggregate  tonnage  of 
11000  tons,  having  been  built  on  the  Tyne  in  1800 — had  fallen 
off  with  the  displacement  of  wood  and  sails  by  iron  and  steam, 
so  that  in  1850  only  seven  vessels  were  built  of  a  gross  tonnage 
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of  4500  tons.  Since  then  this  industry  had  gone  on  increasing. 
In  1892,  73  vessels  were  in  course  of  construction,  of  a  total 
tonnage  of  145,472  tons. 

The  chief  trade  of  the  Tyne  is  the  export  of  coal  from  the 
Northumberland  pits.  So  early  as  1325  there  is  a  record  of 
coal  being  exported.  In  1650  the  export  amounted  to  345,550 
tons.  In  1800  it  had  increased  to  half  a  million  tona  At 
the  present  time  it  amounts  to  about  eleven  million  tons.  The 
total  tonnage  of  the  Tyne  ports  is  only  second  to  London  and 
Liverpool  The  number  of  vessels  entering  in  1891  was  16,779, 
of  a  registered  tonnage  of  8,054,053,  the  average  size  being 
480  tons. 

The  revenue  in  1891  was  £305,632.  The  present  debt  is 
£4,193,879,  of  which  £750,000  is  for  the  piers. 

The  early  surveys  or  charts  of  the  Tyne  afford  very  little 
information  as  to  its  condition,  or  as  to  any  record  of  attempted 
improvements.  Collin's  chart,  made  in  the  reign  of  William  III., 
shows  21  feet  over  the  bar  at  high  water  spring  tide.  Fryer's 
Survey^  made  for  the  Corporation  in  1782,  was  merely  a  guide 
to  the  navigation,  showing  the  available  depth  of  water  over  the 
shoalest  places.  In  1813  a  complete  survey  of  the  river  was 
made  by  Mr.  Giles  for  Mr.  Rennie  as  far  as  Newcastle;  and 
above  this  up  to  Ryton  by  Mr.  Brookes  in  1849. 

In  1802  Mr.  Chapman  made  a  report  to  the  Coi*poration 
on  the  condition  of  the  river,  and  on  its  improvement. 

In  1813  a  report  was  made  by  Mr.  J.  Rennie,  who  advised 
the  regulation  of  the  channel  by  contracting  the  wide  parts  by 
means  of  transverse  groynes,  in  the  same  manner  as  the  Clyde 
had  been  treated,  and  the  widening  of  the  narrow  places,  so  as 
to  bring  the  river  throughout  to  a  more  imiform  width.  The 
works  recommended  by  Mr.  Rennie  were  partially  carried  out 
by  Mr.  Anderson,  the  resident  engineer  of  the  Corporation. 
Considerable  opposition  was,  however,  raised  to  this  contraction 
of  the  river,  on  the  ground  that  it  would  result  in  the  abstrac- 
tion of  one-third  of  the  area  of  the  river  channel,  and  the 
exclusion  of  a  large  amount  of  tidal  water,  the  scouring  effect 
of  which  would  be  lost  on  the  bar. 

In  1837  Mr.  Cubitt  was  consulted  by  the  Corporation,  and 
confirmed  the  recommendations  of  Mr.  Rennie,  but  further 
advised  the  deepening  of  the  channel  by  dredging. 

In  1842  Mr.  W.  A.  Brookes  was  appointed  resident  engineer. 
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At  this  period  the  amount  allotted  by  the  Corporation  for  river 
works  was  £5000  a  year,  out  of  which  provision  had  to  be  made 
for  dredging  the  berths  at  the  public  quays.  Under  Mr.  Brookes* 
direction,  the  regulation  of  the  channel  as  originally  advised  by 
Mr.  Bennie  was  proceeded  with.  The  groynes  were  constructed 
of  timber,  the  ends  being  subsequently  joined  together  when 
the  channel  had  been  brought  to  the  desired  width  by  longi- 
tudinal training  walls,  the  materials  for  which  were  to  a  large 
extent  obtained  from  the  ballast  brought  by  vessels  coming  to 
the  Tyne  to  load  for  coals.  The  total  amount  spent  on  this 
work  between  1843  and  1859  was  £80,000. 

The  whole  of  the  channel  between  Newcastle  and  Shields 
had  been  thus  regulated  by  groynes  and  training  walls  in  1858, 
when  Mr.  Brookes'  connection  with  the  river  terminated. 

In  1844  further  reports  were  made  on  the  river  by  Mr.  J. 
Walker  and  Mr.  J.  Murray,  especially  with  reference  to  the 
effect  of  the  construction  of  the  transverse  groynes  which  were 
being  put  in.  Mr.  Brookes  had  advised  the  Corporation  that 
the  effect  of  the  contraction  would  result  in  such  increased  scour 
as  would  give  the  necessary  depth  for  the  navigation,  and  that 
ships  drawing  17  feet  would  be  able  to  reach  Newcastle. 

Mr.  Brookes,  in  relying  on  the  scour  alone  to  deepen  the 
river,  proceeded  on  the  principle  "that  an  engineer  should 
always  seek  to  make  the  natural  power  of  the  stream  do  the 
work  of  deepening  the  channel,  and  should  use  water-power, 
which  costs  nothing,  in  preference  to  steam,  for  which  his 
employers  must  pay."  And  to  a  very  large  extent  the  results 
justified  this  opinion,  as  evidence  was  given  before  the  Royal 
Commission  which  sat  in  1854,  that  2,\  million  cubic  yards  of 
material  had  been  removed  from  the  channel  by  scour. 

The  improvements  effected  in  the  river  do  not  appear  to 
have  kept  pace  with  the  increasing  necessities  of  the  navigation. 
In  a  report  made  to  the  Admiralty  by  Captain  Washington  in 
1849,  the  depth  on  the  bar  was  given  as  being  then  6  feet,  the 
same  as  in  1813.  A  comparison  between  the  section  made  by 
Mr.  F.  Giles  in  1813  with  that  made  by  Captain  Calver  in 
1849  showed  that,  whereas  a  vessel  drawing  15^  feet  could  sail 
up  to  Newcastle  in  1813,  the  same  ship  could  barely  pass  the 
shoals  at  Jarrow  Slake  and  Hepburn  in  1849. 

In  1850  the  Tyne  Conservancy  Act  was  passed,  the  manage- 
ment of  the  river  taken  out  of  the  hands  of  the  Corporation  and 
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placed  under  the  care  of  the  present  representative  Commission. 
During  the  Parliamentary  proceedings  previous  to  the  Con- 
servancy Act  being  obtained,  it  was  shown  that,  although  the 
Corporation  had  received. during  the  previous  40  years  £957,973 
in  dues,  only  £397,719  had  been  expended  on  the  river. 

In  1850  power  was  obtained  from  Parliament  for  the  con- 
struction of  piers  at  the  mouth  of  the  Tyne.  In  1813  Mr. 
Rennie  had  proposed  the  construction  of  a  south  pier  on  the 
Herd  Sand.  To  this  objection  was  raised  on  the  ground  that 
during  north-easterly  gales  ships  would  be  liable  to  bo  drifted 
on  it  by  both  wind  and  tide;  and  that  a  pier  constructed 
in  this  direction  would  conduct  the  seas  into  the  harbour.  In 
1845  Mr.  Brookes  had  advised  a  northern  pier,  in  addition  to 
the  southern  pier  on  the  Herd  Sand,  with  an  opening  1400  feet 
wide,  Mr.  Rendel,  who  had  been  consulted  by  the  new  Com- 
mission, advised  the  construction  of  the  two  piers  northern  and 
southern,  but  taking  rather  a  different  direction  to  those  pre- 
viously proposed,  with  the  object  of  keeping  the  pier  head  as 
much  as  possible  under  the  shelter  of  the  Tynemouth  headland. 

In  1852  the  Tyne  Improvement  Act  was  passed.  Mr.  James 
Walker  was  directed  to  hold  an  inquiry  as  to  the  designs  which 
had  been  submitted  by  Mr.  Rendel  and  Mr.  Brookes  for  the  piers, 
and  also  those  of  the  Admiralty  surveyors  and  the  nautical 
men  of  the  port.  After  this  inquiry  was  held,  Mr.  Walker  was 
finally  directed  to  proceed  with  the  work  on  lines  which  he  had 
laid  down,  and  the  foundation  stone  of  the  new  north  pier  was 
laid  in  1854.  The  north  pier  was  to  extend  out  700  yards,  and 
the  south  pier  1400  yards,  terminating  in  15  feet  at  low  water, 
and  leaving  a  space  of  1100  feet  between  the  pier-heads.  In 
1859  the  Royal  Commission  on  Harbours  reported  strongly  in 
favour  of  the  Tyne  as  a  harbour  of  refuge,  and  recommended 
that  a  grant  of  £250,000  should  be  made  by  the  nation  towards 
the  cost  of  extending  the  pier  to  a  greater  distance  than  the 
Tyne  commissioners  contemplated.  In  1859  further  powers 
were  obtained  by  the  Tyne  Conservancy  for  extending  the  north 
pier  to  a  length  of  2900  feet,  terminating  in  30  feet  at  low 
water,  and  the  south  pier  to  5400  feet,  still  leaving  the  opening 
1100  feet  as  before.  This  has  been  carried  out  at  the  cost  of  the 
Trust,  no  grant  having  been  made  by  the  Government  An 
attempt  was  at  first  made  to  let  the  work  by  contract,  but  it 
was  found,  after  a  short  experience,  impossible  to  carry  out  work 
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of  such  difficult  and  varying  character  satisfactorily  in  this  way. 
The  arrangement  with  Mr.  Lawton  was  terminated,  and  the  piers 
have  since  been  carried  out  by  the  engineering  staff  of  the 
Commission,  under  the  direction  of  Mr.  P.  J«  Messent. 

Considerable  divergence  of  opinion  existed,  not  only  amongst 
the  Commissioners,  but  amongst  the  engineers  consulted  by  them, 
as  to  the  methods  employed  for  improving  the  river. 

Mr.  Brookes  had  always  advised  that  the  required  depth 
and  accommodation  for  the  navigation  could  be  obtained  by 
training  alone,  and  that  the  greater  effect  of  the  tidal  water 
when  passing  through  a  properly  regulated  channel  would 
compensate  for  any  loss  of  quantity  by  the  areas  taken  from  the 
river  in  the  wide  places.  On  the  other  hand,  it  was  contended 
that  the  abstraction  of  the  large  volume  of  tidal  water  caused 
by  the  filling  up  of  the  wide  places  in  the  river,  estimated  as 
amounting  to  1^  millions  of  cubic  yards,  of  which  the  river  had 
been  deprived  between  1813  and  1849,  must  ultimately  result 
in  the  shoaling  of  the  outfall,  although  it  was  admitted  it  had 
not  done  so  up  to  that  time ;  and,  further,  that  the  process  of 
improvement  ought  to  be  aided  by  dredging,  which  would  at 
once  give  greater  facilities  for  the  navigation,  and,  by  the 
increased  area  obtained,  compensate  for  the  tidal  water  prevented 
fron^  entering  the  river  by  the  training  works. 

The  divergence  of  opinion  became  so  strong  that  it  paralyzed 
the  work  of  the  Commission,  and  was  ultimately  considered  of 
sufficient  importance,  as  affecting  the  navigation,  to  warrant  the 
appointment  of  a  Royal  Commission.  This  Commission,  after 
sitting  at  Newcastle  and  taking  evidence,  reported  that  they 
found  that,  notwithstanding  the  area  of  tidal  water  which  had 
been  excluded  from  the  river  by  the  training,  the  navigation 
had  not  been  materially  affected;  that,  after  comparing  the 
sections  taken  by  Messrs.  Rennie  &  Giles  in  1813  with  those  of 
Mr.  Rendel  in  1849  and  Mr.  Comrie  in  1854,  they  found  a 
general  correspondence  in  them ;  and  that  upon  the  whole  very 
little  change  had  taken  place  in  the  navigable  capabilities  of  the 
river  during  the  previous  forty  years,  and  that  up  to  1855  the 
river  remained  substantially  unimproved. 

In  1859  Mr.  Brookes  resigned,  and  Mr.  J.  F.  Ure,  of  the 
Clyde,  was  appointed.  At  the  time  of  Mr.  Ure's  appointment, 
the  Tyne  w&s  perhaps  in  its  worst  condition  relatively  to  its 
trade.    Three  vessels  from  America  foundered  on  the  bar  within 
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a  short  time;  vessels,  after  being  loaded,  remained  for  weeks 
waiting  for  water;  and  those  drawing  over  12  feet  could  not  get 
to  Newcastle  except  at  high  spring  tides.  Mr.  Ure,  bringing 
with  him  the  experience  of  the  Clyde,  saw  that  without 
systematic  dredging  the  river  could  never  be  made  available  for 
tiie  traffic  which  belonged  to  it.  In  an  able  report  he  detailed 
what  he  advised  to  be  done,  and,  his  report  being  approved,  he 
at  once  set  to  work  to  obtain  an  efficient  dredging-plant  for 
removing  the  shoals  and  deepening  the  bed  of  the  river.  In 
1862  the  piers  were  sufficiently  advanced  to  allow  of  dredging 
away  the  sand  and  deepening  the  water  over  the  bar. 

The  quantity  of  material  annually  dredged  amounted  for 
several  years  to  from  4  to  5  million  tons  a  year.  At  the  present 
time  it  amounts  to  about  If  million. 

In  1876  the  old  bridge  at  Newcastle,  which  obstructed  the 
way,  was  replaced  by  Mr.  Ure  by  the  present  swing  bridge, 
having  only  four  openings,  the  two  central  spans  being  104 
feet  each. 

The  principal  works  which  have  been  carried  out  for  the 
improvement  of  the  river  are — the  increase  of  the  width  of  the 
narrows  in  Shields  harbour  from  380  feet  to  590  feet;  the 
removal  of  the  Insand,  covering  6  acres  to  a  depth  of  30  feet, 
which  dried  at  low  water ;  the  removal  of  Dortwick  Sands,  which 
dried  over  11  acres ;  of  the  Whitehill  Sand,  which  stretched  half- 
way across  the  navigable  channel ;  of  Jarrow  Sand,  covering 
16  acres ;  of  the  Slip  Sand,  covering  4  acres ;  Longreach  Shoal, 
a  length  of  2  miles ;  Hebbum  Shoal ;  St.  Anthony's  Reach,  and 
Brandling  Reach,  have  all  been  deepened  from  4  and  5  feet  to 
20  feet. 

The  harbour  works  consist  of  a  north  pier  3000  feet  in 
length,  and  a  south  pier  nearly  one  mile.  The  base  of  the  piers 
consists  of  rubble  stone  tipped  into  the  sea,  the  superstructure 
being  formed  with  concrete  blocks,  some  of  which  weigh  upwards 
of  40  tons.  The  stone  used  exceeds  3  million  tons  in  weight. 
The  carrying  out  of  this  work  has  been  exceptionally  difficult, 
owing  to  the  depth  of  water  at  the  outer  ends  of  the  piers  and 
the  violence  of  the  sea,  especially  in  north-east  gales* 

The  dredging  has  been  of  a  very  extensive  diaracter,  extend- 
ing not  only  to  the  deepening  of  the  channel  of  the  river,  but 
also  to  the  removal  of  the  sand-beds  which  obstructed  the 
entrance  from  the  sea.    The  plant  consists  of  six  large  dredgers^ 
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ten  steam-hoppers,  eight  steam-tugs,  and  forty-seven  wooden 
barges,  and  cost  £300,000.  The  material  removed  between 
1860  and  1888  amounted  to  82,684,629  tons. 

Three  wet  docks  have  been  constructed ;  the  Northumber- 
land Dock,  constructed  from  the  designs  of  Mr.  J.  Plows,  opened 
in  1857,  containing  55  acres,  and  having  24  feet  on  the  sill; 
the  Tyne  Dock,  the  property  of  the  North-Eastem  Railway 
Company,  constructed  from  the  designs  of  Mr.  F.  E.  Harrison, 
opened  in  1859,  having  an  area  of  50  acres,  and  25  feet  on  the 
sill ;  and  the  Coble  Dene  or  Albert  Edward  Dock,  constructed 
under  the  direction  of  Mr.  Messent,  opened  in  1884,  having  an 
area  of  24  acres,  and  30  feet  on  the  silL  The  first  and  last 
were  built  by  the  Commissioners. 

The  effect  of  the  improvements  on  the  propagation  of  the 
tidal  wave  has  been  to  accelerate  the  time  of  high  water  at 
Newcastle,  10 J  miles  from  the  sea,  about  three-quarters  of  an 
hour,  and  at  Newbum  an  hour;  high  water  at  Newcastle 
being  now  only  12  minutes  later  than  at  Shields  harbour, 
whereas  formerly  it  was  60  minutes  later.  The  interval  between 
the  arrival  of  the  first  of  the  flood  at  Newcastle  from  Shields 
harbour  has  been  accelerated  nearly  two  hours.  Formerly  it  was 
not  unusual  for  the  level  of  high  water  at  Newcastle  to  be  from 
7  to  10  inches  below  that  at  Tynemouth ;  since  the  improvements 
it  has  been  raised  1  foot,  and  low  water  lowered  3  feet  6  inches, 
making  an  increased  range  of  5  feet  4  inchea  Low  water  has 
been  lowered  6  feet  at  Blaydon,  16  miles  from  the  sea.  The 
volume  of  tidal  water  has  been  increased  to  over  10  million 
cubic  yards  each  spring  tide. 

The  total  tidal  volume  sent  into  the  river  at  each  spring 
tide  may  be  estimated  at  about  68  million  cubic  yards  a  day, 
and  the  ordinary  fresh  water  discharge  at  4  million  cubic  yards, 
or  about  one-seventeenth  of  the  tidal  water. 

Since  the  retirement  of  Mr.  Ure  in  1870,  the  works  have 
been  under  the  charge  of  Mr.  P.  J.  Messent,  M.I.C.E.,  the 
present  engineer  to  the  Commission,  and  who  had  been  in  charge 
of  the  pier  works  as  resident  engineer  from  their  commence- 
ment. 

Tidal  Harbour  Commissioners'  Report,  1845  and  1846 ; 
"The  River  Tyne,"  by  W.  A.  Brookes,  Proc.  Inst  C.E.,  voL  xxvi, 
1867;  "River  Tyne  Improvement,"  by  P.  J.  Messent,  1888; 
'•  The  River  Tyne,"  by  J.  Guthrie  (London,  1888).    Reports  of 
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W.  Chapman,  1802 ;  J.  Rennie,  1813 ;  W.  Cubitt,  1837 ;  W.  A. 
Brookes,  1842 ;  J.  Walker,  1844;  J.  Murray,  1844 ;  C.  Washington 
(Admiralty  Report),  1849 ;  J.  Rendel,  1851 ;  Captain  Calver, 
1854  and  1872 ;  Royal  Commission,  1855. 

The  Tees. — Although  the  Tees  cannot  show  a  record  equal 
to  that  of  the  Clyde,  it  affords  a  remarkable  instance  of  the  effect 
on  the  trade  and  commerce  of  a  district  due  to  the  advantage 
to  be  gained  from  a  tidal  river  when  its  capabilities  are  freely 
taken  advantage  of.  The  Tees  is  a  small  river,  only  70  miles  in 
length,  and  draining  760  square  miles,  and  having  a  tidal  run  of 
22  miles.  At  the  beginning  of  the  present  century  it  was 
navigable  for  small  craft  of  about  50  or  60  tons  to  Stockton, 
13  miles  from  the  sea,  which  was  then  a  small  town  of  10,000  or 
12,000  inhabitants.  By  means  of  the  river  a  few  coals  were 
exported  from  the  South  Durham  coal-fields,  and  goods  brought 
for  distribution  amongst  the  farmers  of  Teesdale  and  the  adjoin- 
ing districts.  The  river  was  very  tortuous,  the  entrance  into 
the  estuary  from  the  North  Sea  difficult  and  dangerous,  and  the 
navigation  amongst  the  shifting  sandbanks  between  Middles^ 
borough  and  the  sea  tedious  and  not  unaccompanied  by 
danger. 

In  1808  the  greatest  depth  of  water  at  spring  tides  up  to 
Stockton  was  8^  feet,  and  vessels  of  100  tons  had  to  lighten 
before  reaching  there. 

At  the  beginning  of  the  present  century  Middlesborough 
had  25  inhabitants ;  in  1831  it  was  still  a  small  village,  with  a 
population  of  154,  and  between  this  place  and  Stockton  there 
were  only  a  few  cottages  and  farm-houses  scattered  along  the 
banks  of  the  river.  Middlesborough  has  now  become  an  im- 
portant town,  having  a  population  of  70,000. 

The  revenue  of  the  Commissioners,  when  the  works  com- 
menced in  1852,  was  £4,087,  and  the  debt  £102,701.  In  1882 
the  revenue  had  risen  to  £56,780,  and  the  debt  to  £611,129. 
Up  to  the  end  of  1890  the  total  expenditure  on  the  river 
improvement  had  been  £1,070,913,  of  which  £65,012  consisted 
of  the  liabilities  of  the  Tees  Navigation  Company ;  Parliamentary 
costs,  £40,802 ;  training  and  dredging  works,  £460,522 ;  break- 
waters, £289,003 ;  the  balance  being  for  graving-docks,  tugs, 
and  other  matters.  The  debt  then  stood  at  £838,125,  a  certain 
portion  being  paid  off  yearly.  The  income  for  the  year  ending 
1890  was  £69,697.    The  chief  items  of  expenditure  out  of  revenue 
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were  dredging,  £8,923;  maintenance,  £14,879;  interest  and  re- 
demption, £39,000. 

The  special  industries  which  the  Tees  has  developed  are  iron, 
coal,  salt,  and  shipbuilding,  about  120,000  tons  of  shipping 
being  built  annually. 

The  opening  out  of  the  Cleveland  iron-mines  about  1850  by 
John  Vaughan  drew  the  iron  trade  to  the  Tees.  A  continuous 
growth  of  smelting-works  near  the  river  rendered  necessary 
better  accommodation  for  the  transport  of  the  manufactured 
iron.  This  was  still  further  stimulated  by  the  discovery  of  the 
Bessemer  process  of  making  steel,  which  was  taken  up  by  the 
Tees  ironmasters,  making  Tees-side  one  of  the  greatest  steel- 
making  districts  of  the  country. 

The  effect  of  the  works  carried  out  has  been  to  make  the 
Tees  a  magnificent  tidal  waterway.  The  tonnage  passing  along 
the  river  amounted  to  24,534  tons  in  1804.  Owing  to  the 
improvements  which  facilitated  the  navigation,  it  had  increased 
to  87,823  in  1828.  From  this  time  forward,  after  the  river  was 
taken  in  hand  by  the  Tees  Navigation  Company,  its  progress 
was  more  rapid.  In  1846  the  tonnage  had  increased  to  742,521 
tons.  It  then  fell  off,  owing  to  the  opening  up  of  the  railwajrs. 
In  1853,  the  first  year  of  the  Conservancy,  3921  vessels  entered 
the  river,  of  a  tonnage  of  371,482  tons.  In.  1891,  4276  vessels 
entered  the  ports  of  Middlesborough  and  Stockton,  of  a  tonnage 
of  1,608,449  tons,  the  average  size  of  the  vessels  entering 
Middlesborough  being  404J  tons,  and  Stockton,  265|.  The 
average  size  of  the  vessels  entering  Middlesborough  Dock  in 
1842  was  100  tons;  between  1866  and  1874  it  had  increased  to 
184  tons ;  in  1887  the  average  size  was  642  tons.  The  largest 
cargo  loaded  in  a  vessel  between  1859  and  1864  was  705  tons ; 
the  largest  cargo  despatched  out  of  the  dock  up  to  1890  was 
5000  tons  of  railway  metal  and  coal. 

Fifty  years  ago  the  depth  up  to  Stockton  at  low  water  was 
2  feet,  and  8  feet  6  inches  at  high  water,  with  6  feet  over  the  bar. 
Before  the  improvements  carried  out  by  the  present  Commission, 
the  available  depth  at  Stockton  at  low  water  was  3  feet,  and 
14 J  feet  at  high  water,  whilst  there  was  the  same  depth  at 
Middlesborough  at  low  water  and  16  J  feet  at  high  water. 
Lower  down  there  were  two  and  sometimes  three  shallow 
channels,  which  were  changed  in  form  and  depth  nearly  every 
spring  tide.    No  less  than  40  buoys  were  required  to  mark  out 
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about  2  miles  of  channel.  The  depth  over  the  bar  was  about 
9  feet,  shoaling  on  occasions  to  3  feet,  and  the  course  over  it 
varied  over  nine  points  of  the  compass.  There  is  now  from  18  to 
20  feet  over  the  bar  at  low  water  and  36  feet  at  high  water,  and  9 
feet  at  low  water  and  25^  at  high  water  in  the  river  up  to  Middles- 
borough,  and  18  feet  at  high  water  to  Stockton.  The  entrance  is 
protected  by  breakwaters,  and  is  safe  to  enter.  The  channel  is 
well  lighted,  and  can  be  navigated  by  night  as  well  as  by  day. 

The  first  record  of  any  attempt  to  improve  the  river  was  in 
1769,  when  a  Stockton  tradesman,  Edmund  Harvey,  proposed 
cutting  through  a  sharp  bend  near  Stockton,  and  thus  ''  saving 
about  two  miles  in  three  in  going  between  Stockton  and 
Portrack."  After  Harvey's  death  this  scheme  was  again  revived, 
and  in  1791  Jonathan  Pickemell,  an  engineer  of  Whitby,  was 
called  in  to  report  on  it.  His  estimate  of  the  cost  of  making  a 
cut  through  this  bend  220  yards  long  was  £5000.  The  same 
scheme  was  again  revived  in  1802,  when  W.  Chapman,  of 
Newcastle,  was  called  in  and  reported  favourably  as  to  the 
advantage  that  would  result  from  carrying  it  out.  The  tonnage 
in  Pickemell's  report  was  estimated  at  11,000  tons.  When  the 
scheme  ^as  re-considered  in  1802,  the  tonnage  had  increased  so 
much  thlit  it  was  then  put  at  24,534  tons,  and  the  increase  from 
duesatJ?735  13«. 

Following  on  Chapman's  report,  a  bill  was  promoted  in 
Parliament,  and  an  Act  obtained  in  1808,  under  which  the  Tees 
Navigation  Company  was  constituted  as  a  trading  concern, 
with  power  to  levy  dues  for  the  purpose  of  improving  the  river 
and  to  raise  £12,000. 

The  work  of  making  the  Maudale  Cut  from  Blue  House 
Point  to  Portrack  was  commenced  in  1809  under  Chapman's 
direction,  and  finished  the  following  year  (see  Fig.  64).  This 
cut  was  220  yards  long,  and  shortened  the  course  of  the  river 
2^  miles,  and  by  the  increased  scour  the  channel  was  deepened 
2  feet.  The  cost  was  £12,163.  In  1824  Mr.  H.  H.  Price,  the 
company's  engineer,  proposed  a  second  cut.  Mr.  R.  Stevenson 
was  called  in  to  advise  as  to  this  proposal  in  1828,  and  reporting 
favourably,  further  powers  were  obtained  from  Parliament  in 
1828,  under  which  the  Ford  Causeway,  or  Nun's  Cut,  1100 
yards  long,  was  made  from  Blue  House  Point  to  Newport.  This 
shortened  the  distance  |  mile,  and  gave  from  2^  to  3  feet  more 
water.    The  cost  was  £25,996. 
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These  iiDprovements  and  the  removal  of  some  of  the  worst 
shoals  enabled  vessels  ''to  reach  Stockton  in  one  or  two  tides, 
whereas  before  they  were  frequently  six  or  eight  days  in  making 
the  passage  from  the  sea  to  Stockton." 

The  improvement  of  the  channel  was  continued  under  the 
direction  of  Mr.  Price,  by  straightening  the  course  and  regulating 
the  width  of  the  river  by  means  of  transverse  timber  groynes, 
the  length  of  which  ranged  from  40  to  2000  feet  in  length. 
These  groynes  were  extended  from  time  to  time,  tmtil  the 
channel  of  the  river  was  confined  to  a  direct  course,  and  was 
brought  to  a  uniform  width.  The  largest  of  these  groynes  were 
at  Bambley's  Bight,  where  the  width  of  the  channel  was  very 
considerable,  three  of  the  groynes  running  out  1000  feet  from 
the  shore. 

The  total  amount  spent  by  the  Navigation  Company  in 
improving  the  river  was  £110,000,  from  its  establishment  in 
1810  till  its  dissolution  in  1853. 

In  1842  a  dock  of  9  acres,  having  a  lock  132  feet  long, 
30  feet  wide,  with  19  feet  of  water  on  the  sill,  was  constructed 
at  Middlesborough.  This  dock  was  afterwards  sold  to  the 
Stockton  and  Darlington  Railway  Company  in  1852,  and  is 
now  the  property  of  the  North-Eastem  Railway  Company,  by 
whom  it  has  been  enlarged  and  the  sill  of  the  lock  lowered.  It 
now  covers  15^  acres,  and  has  3145  feet  of  quays.  The  depth  on 
the  sill  of  the  lock  is  23  feet  at  spring  tides,  and  the  width  58  feet. 

In  1852  an  Act  was  obtained  transferring  the  powers  of  the 
Tees  Navigation  Company  to  a  more  representative  body.  By 
a  subsequent  Act  passed  in  1875  their  powers  were  extended. 
The  present  Trust  consists  of  21  members,  four  of  whom  are 
elected  by  the  Stockton  Corporation,  four  by  the  Middlesborough 
Town  Council,  two  by  the  Yarm  ratepayers,  eight  by  the  ship- 
owners and  payers  of  dues,  and  three  by  the  Board  of  Trade. 
The  Act  provided  for  the  raising  of  £207,000  for  works  in  the 
river.  The  borrowing  powers  were  subsequently  increased  to 
£1,000,000.  The  limits  of  jurisdiction  of  the  Trust  are  from 
the  sea  to  High  Worsall,  above  Yarm,  to  which  place  the  influence 
of  the  tide  extends,  being  a  length  of  about  26  miles. 

The  Tees  Navigation  Company  had  confined  their  attention 
almost  entirely  to  works  in  the  river  above  Middlesborough, 
and  had  done  nothing  to  improve  the  course  through  the  estuary 
to  the  sea,  a  distance  of  eight  miles. 
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The  navigable  waterway  was  in  such  a  defective  condition 
through  the  estuary  that  it  was  split  up  into  two  or  three 
channels,  which  were  constantly  shifting,  and  the  depth  was  so 
shallow  at  low  water  that  it  was  hardly  possible  for  a  row-boat 
to  get  along  the  upper  part,  while  lower  down  there  was  only 
from  2  to  3  feet  over  the  shoals. 

Soon  after  the  incorporation  of  the  new  Commission,  Mr. 
John  Fowler  was  appointed  engineer,  and  under  his  direction 
the  works  for  the  improvement  of  the  estuary  were  designed  and 
carried  out. 

The  course  to  be  given  to  the  permanent  channel  through 
the  estuary  occupied  a  great  deal  of  attention.  Mr.  W. 
A.  Brookes  had  recommended  in  1846  the  formation  of  a 
slightly  curved  channel  from  Cargo  Fleet  directly  across  the 
Seal  Sand,  the  south  trcdning  wall  passing  the  end  of  the 
Bran  Sand,  and  the  north  through  the  South  Gare  Sand.  This 
channel  would  have  been  driven  through  a  high  bank  of  sand, 
and  its  axis  at  the  lower  end  would  have  been  open  to  the  sea 
in  a  south-east  direction.  Mr.  Johnson,  the  superintendent  of 
the  works,  advised  that  the  existing  south  channel  should  be 
improved,  as  being  a  less  costly  scheme,  and  one  that  could  be 
carried  out  at  less  inconvenience  to  the  traffic.  Mr.  Fowler 
subsequently  proposed  an  intermediate  course  by  a  curved 
channel  carried  more  to  the  north,  and  avoiding  the  sharp  turn 
at  the  eighth  buoy  scarp.  Mr.  Johnson's  plan,  however,  lending 
itself  to  a  system  of  gradual  improvement  which  commended 
itself  to  the  Commissioners  as  being  more  easily  adapted  to 
the  funds  at  their  disposal,  was  ultimately  carried  out  by  Mr. 
Fowler.  The  work  was  commenced  by  the  construction  of  a 
groyne  1400  feet  long,  carried  across  the  head  of  the  north 
channel,  and  a  longitudinal  training  wall  1000  feet  long,  for 
the  purpose  of  forcing  the  whole  of  the  current  into  the  south 
channel  This  groyne  was  constructed  of  clay  and  stone  for  the 
first  500  feet,  and  the  remainder  of  timber  backed  up  by  clay 
and  stones.  Training  walls  were  also  commenced  at  different 
parts  of  the  channel,  where  it  was  thought  they  would  have  the 
most  effect.  These  walls  were  subsequently  joined  together 
and  extended  seawards  for  about  five  miles,  or  within  about 
half  a  mile  from  the  pier-head  at  the  entrance.  The  work  of 
training  was  carried  out  between  1855  and  1877.  The  walls 
are  from  4  feet  to  7  feet  above  low  water,  and  vary  in  height 
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from  their  base  from  12  to  40  feet.  About  \\  million  tons  of 
slag  were  used  in  their  construction*  This  slag  was  obtained 
from  the  ironworks  in  the  neighbourhood,  the  ironmasters 
paying  the  commissioners  for  removing  it  off  their  premises. 
The  slag  was  run  hot  into  small  iron  trucks,  and  thence  dis- 
charged into  barges,  and  from  them  on  to  the  walls  in  lumps 
weighing  about  3  tons,  the  barges  being  moored  to  piles  along 
the  training  walls.  Altogether  there  are  20  miles  of  training 
walls  above  and  below  Middlesborougb,  which  have  been  put  in 
at  a  cost  of  £50,000. 

The  entrance  to  the  estuary  from  the  North  Sea  is  protected 
by  two  breakwaters  running  out  from  the  shore  on  the  north 
and  south.     The  Qovemment  had  been  strongly  urged  to  carry 
out  this  work,  on  the  ground  that  the  construction  of  breakwaters 
would  provide  a  safe  harbour  of  refuge  on  the  north  coast.     The 
Admiralty  sent  Mr.  J.  M.  Rendel,  C.E.,  in  1855,  to  report  on  the 
matter,  and  he  advised  the  construction  of  a  north  and  south 
breakwater  at  a  cost  of  £300,000.     The  Government,  however, 
finally  declined  to  take  the  matter  up,  and  the  Tees  Commis- 
sioners undertook  the  work.     The  South  Gare  breakwater  was 
commenced  in  1862,  and  finished  about  1888.     It  runs  out  from 
the  shore  at  Tod  Point,  across  the  Bran  Sand  in  a  north-westerly 
direction,  curving  round  northwards  towards    the   end.     The 
length  is  about  two  miles.    About  two-thirds  of  the  first  part 
consists  of  slag  blocks  tipped  direct  from  the  trucks  on  to  the 
sand,  the  mound  being  raised  about  15  feet  above  high  water. 
The  outer  part  for  about  3000  feet  is  cased   with   concrete, 
averaging  15  feet  in  thickness  up  to  high-water  mark,  and  5 
to  7  feet  above  this.    The  base  of  the  mound  above  low-water 
level  is  170  feet  wide,  but  the   toe  runs  out  70  to  100  feet 
beyond  this.    The  top  is  90  feet  wide.    During  a  heavy  gale  in 
October,  1890,  about  280  feet  of  the  wall  was  broken  down,  and 
the  slag  foundation  washed  away  to  a  depth  of  10  to  12  feet 
below  low  water.    The  damage  arose  from  a  vacant  space  which 
had  been  left  in  laying  the  foundation,  and  which  could  not 
subsequently  be  made   solid.     The   breach  was  repaired  with 
concrete  laid  in  bags  containing  14  cubic  yards.     The  foot  of 
the  mound  has  been  protected  with  concrete  blocks,  weigh- 
ing from  30  to  40  tons  each.     Several  large  blocks,  weighing 
from  200  to  500  tons,  were  also  placed  in  the  most  exposed  part. 
These  were  built  in  condemned  ships,  which  were  towed  to  the 
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site  where  the  blocks  were  required,  and  then  sunk,  the  timbers 
being  sawn  through  so  that  the  vessels  might  break  up.  The 
slag  at  first  used  was  supplied  by  the  ironmasters  at  a  cost  of 
threepence  per  ton ;  subsequently  the  ironmasters  paid  the  Trust 
a  penny  a  ton,  and  ultimately  fivepence,  for  removing  it  for  them. 
The  quantity  of  slag  used  in  the  South  Gare,  2^  miles  in  length, 
was  five  million  tons.  The  cost  of  this  breakwater,  which  took 
24  years  to  complete,  was  £308,653.  The  sum  received  from 
the  ironmasters  was  £56,671. 

The  North  Gare  runs  out  from  the  shore  at  Seaton  Snook, 
across  the  North  Gare  Sand  in  an  easterly  direction,  and,  when 
finished,  is  intended  to  be  6000  feet  long,  the  distance  between 
the  pier-heads  being  2100  feet.  The  mode  of  constoiction  is 
similar  to  that  adopted  in  the  South  Gare.  The  cost  of  con- 
struction was  originally  estimated  at  £75,000,  but  this  has 
already  been  lai'gely  exceeded.  Up  to  the  end  of  1890  about 
a  million  tons  of  slag  had  been  deposited. 

The  deepening  of  the  river  by  dredging  was  not  commenced 
until  1853,  when  the  first  small  dredger  was  set  to  work.  This 
was  a  single-ladder  bucket  dredger,  discharging  over  the  end 
into  punts.  Since  then  the  work  has  been  carried  out  con- 
tinuously. The  quantity  dredged  became  greater  every  year, 
being  for  1854,  11,745  tons;  1864,  73,715;  1874,  848,673;  1884, 
1,846,790 ;  and  the  total  quantity  up  to  1889,  24^  millions  of 
tons.  The  plant  consists  of  4  double-ladder  dredgers,  1  Priest- 
man  grab  dredger,  35  hopper  barges,  and  8  steam-tugs,  the 
cost  being  £140,000. 

A  hard  scarp  near  the  eighth  buoy,  which  interfered  very 
much  with  the  navigation,  containing  120,000  cubic  yards,  has 
also  been  removed  by  blasting,  at  a  cost  of  £27,000,  leaving 
14  feet  at  low  water. 

The  carrying  out  of  the  groynes  and  fixing  the  channel  has 
resulted  in  the  deposition  of  a  large  amount  of  detritus  and 
alluvial  matter,  which  formerly  used  to  oscillate  backwards  and 
forwards  with  the  tides.  A  large  area  lying  between  the 
training  walls  and  the  land  having  become  sufficiently  raised 
by  deposit  of  this  alluvial  matter  to  be  fit  for  enclosure,  up- 
wards of  26,000  acres  have  been  enclosed,  requiring  10  miles  of 
embankment,  at  a  cost  of  £112,490.  From  the  sale  of  this, 
£115,034  had  been  received  by  the  Commissioners  up  to  the 
end  of  1890  as  their  share.     Of  the  remainder,  one-fourth  of  the 
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value  went  to  the  frontagers  and  one-fourth  to  the  Crown. 
There  is  still  an  area  of  about  1190  acres  yet  to  be  dealt  with, 
the  value  of  one-half  of  which  belongs  to  the  Trust. 

The  dredging  between  Middlesborough  and  Stockton  is  now 
being  actively  pushed  on»  and  is  to  be  continued  until  there  is 
15  feet  up  to  the  dock-sill  at  low  water  at  Middlesborough,  12  feet 
from  there  to  Newport,  and  10  feet  thence  to  Stockton.  It  is 
also  intended  to  remove  the  sharp  bend  at  Blue  House  Point, 
and  to  improve  the  river  at  Ichabo  Point,  near  Port  Clarence. 
To  effect  these  improvements,  power  has  recently  been  obtained 
to  raise  a  further  sum  of  d61 50,000. 

The  channel  of  the  river  is  lighted  by  means  of  compressed 
gas,  for  the  making  of  which  the  Commissioners  have  a  com- 
plete plant. 

Report  of  the  Tidal  Harbour  Commissioners,  1846.  Re- 
ports of  H.  H.  Price,  May  and  November,  1824;  R  Stevenson, 
1827;  W.  A.  Brookes,  1846.  "Description  of  the  River  Tees 
and  of  the  Works  upon  it,"  J.  Taylor,  Min,  Proc.  Inst. 
C,E.,  voL  xxiv.;  "Dredgers  and  Dredging  on  the  Tees,"  J. 
Fowler,  vol.  Ixxv. ;  "  River  Tees  Improvements,"  J.  Fowler, 
vol.  xc. 

The  Mersey. — This  river,  although  from  its  size  not  deserving 
attention,  yet  possesses  characteristics  of  such  a  remarkable 
kind  that  a  description  of  its  physical  conditions  will  afford  an 
instructive  lesson  in  tidal  navigation.  Having  a  drainage  area 
hardly  equal  to  some  of  the  smallest  tributaries  of  the  larger 
rivers  of  the  world,  it  yet  is  able,  owing  to  the  great  rise  of  the 
tide,  to  provide  a  waterway  to  a  port  which  stands  nearly  first 
in  the  world  for  the  amount  of  its  shipping  and  the  size  and 
draught  of  the  vessels  which  frequent  it.  It  is,  therefore,  a 
very  striking  example  of  the  benefit  conferred  on  a  river  by 
tidal  flow. 

The  lower  reach  of  the  river,  extending  over  the  first  16  miles 
from  the  bar,  although  paasing  through  vast  beds  of  sand,  yet 
maintains  itself  in  one  permanent  course,  and  has  a  depth  of 
from  30  to  50  feet  at  low  water.  The  upper  reach,  passing 
through  a  wide  sandy  estuary,  being  acted  upon  by  different 
agencies,  the  ebb  and  flood  have  a  tendency  to  assume 
different  directions,  according  as  the  tidal  or  fresh  water  has  the 
greater  influence.  The  consequence  is  that  the  channel  is 
frequently  shifting  its  position,  and  the  waterway  barely  pro- 
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vides  depth  sufficient  for  the  smallest  class  of  vessels  even  at 
high  water. 

Where  this  river  opens  out  into  the  sea,  it  is  encumbered  by 
one  of  the  most  remarkable  examples  of  a  bar  to  be  found  any- 
where. This  bar,  consisting  of  nothing  but  sand,  rises  up  above 
the  bed  of  the  channel  for  a  height  of  53  feet  on  the  upper  side, 
and  46  feet  on  the  sea  side,  leaving  over  it  a  depth  which  has 
varied  from  7  to  17  feet.  The  main  channel  of  the  river  has 
shifted  its  position  at  various  times  over  a  npace  of  nearly  three 
miles,  yet  each  new  channel,  as  it  has  been  formed,  has  also 
developed  a  new  bar. 

This  river  also  stands  out  in  contrast  to  the  other  com- 
mercial rivers  in  the  country  from  the  absence  of  any  attempt 
on  the  part  of  the  authorities  interested  in  it  to  carry  out  works 
for  facilitating  the  navigation.  In  addition  to  a  very  large  trade 
with  other  foreign  countries,  Liverpool  is  the  principal  landing- 
place  for  passengers  coming  from  or  going  to  America.  The 
steamship  companies  have  lavished  money  without  stint  on  the 
vessels  engaged  in  the  service,  in  order  to  shorten  the  time 
occupied  in  the  voyage  to  the  smallest  possible  limit ;  yet  while 
hundreds  of  thousands  of  pounds  have  been  sunk  in  order  to 
save  a  few  hours  in  the  voyage,  the  vessels  are  frequently 
detained  outside  the  approach  to  the  river  from  the  want  of 
sufficient  water  on  the  bar.  Until  quite  recently,  when  some 
experimental  dredging  was  commenced,  no  works  of  any  descrip- 
tion had  ever  been  attempted  to  facilitate  the  navigation  by 
giving  deep  water  over  the  bar,  so  that  vessels  might  cross  it 
at  all  states  of  the  tide. 

Liverpool  received  its  first  charter  in  1173  from  Henry  XL, 
in  consequence  of  its  importance  as  a  port  of  communica- 
tion with  Ireland.  In  1561  the  merchants  of  the  town  owned 
only  12  ships,  and  the  number  of  houses  was  only  138.  In  the 
middle  of  the  fifteenth  century  the  shipping  of  the  Mersey  is 
stated  to  have  been  represented  by  15  vessels,  of  a  gross  burden 
of  268  tons.  The  ship-money  levied  in  the  reign  of  Charles  I. 
was  £25,  Bristol  being  rated  at  £1000. 

The  commencement  of  works  for  the  protection  of  shipping 
was  made  in  the  reign  of  Queen  Elizabeth,  when  a  mole  was 
formed  to  protect  the  vessels  in  winter,  and  a  quay  built  for 
loading  and  unloading.     The  first  wet  dock  was  built  in  1708. 

Liverpool  in  past  times  depended  chiefly  for  its  support  on 
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vessels  taking  cargoes  to  and  from  Ireland,  sharing  this  trade 
with  Chester.  While  it  is  still  the  principal  port  for  the  Irish 
trade,  its  rapid  growth  in  modem  times  is  due  to  the  trade  with 
America,  being  the  great  port  for  the  delivery  of  cotton,  the 
progress  being  very  rapid  after  the  introduction  of  steam 
navigation.  The  tonnage  of  vessels  frequenting  the  port  of 
Liverpool  in  1831  was  1,592,436.  In  1861  it  was  4,977,272,  and 
in  1891  it  was  8,623,332  tons,  carried  in  17,645  vessels,  the 
average  tonnage  being  488  tons. 

The  port  of  Liverpool  for  conservancy  purposes  extends  from 
the  estuary  of  the  Mersey  to  the  extreme  point  reached  by  the 
tides,  and  includes  the  waters  at  the  southern  entrance  to  the 
Kibble  up  to  Southport,  and  of  the  Dee  up  to  Dingle.  The  Com- 
missioners of  the  river  Mersey  hold  their  authority  under  the 
powers  of  an  Act  passed  in  the  5th  and  6th  year  of  Victoria. 
The  Mersey  Docks  and  Harbour  Board  have  also  separate  rights 
in  the  river  and  estuary.  In  1857  and  1858  Acts  were  passed 
for  consolidating  the  docks  at  Liverpool  and  Birkenhead  in  one 
estate  and  under  one  trust.  By  the  Consolidating  Act  of  1858, 
no  less  than  thirty-nine  Acts  relating  to  these  docks,  commencing 
from  the  reign  of  Queen  Anne,  were  repealed. 

The  Mersey  derives  its  origin  in  Derbyshire  by  the  union  of 
two  small  streams,  the  Qoy  and  the  Thame.  Passing  Stockport, 
it  is  joined  by  the  Irwell  at  Flixton ;  below  Warrington  it  is 
joined  by  the  Weaver  and  the  BoUin.  The  length  of  the  Mersey 
is  67  miles,  and  the  drainage  area,  including  the  tributaries, 
1285  square  miles.  It  is  tidal  as  far  as  Woolston  Weir,  five 
miles  above  Warrington,  beyond  which  place  the  river  has  been 
canalized  (see  Fig.  65),  Below  Warrington  the  estuary  is  about 
140  feet  wide,  increasing  to  170  feet  at  Fidler's  Ferry,  and  to 
050  at  1 J  mile  lower  down.  It  then  widens  out  to  3500  feet, 
contracting  to  1200  feet  at  Runcorn  gap.  Below  Runcorn  it 
widens  out  to  4200  feet  to  Weston  Point;  it  then  expands  to 
about  IJ  mile,  increasing  to  nearly  3  miles  at  EUesmere  Port, 
and  then  again  contracting  to  about  a  mile  at  Dingle  Point. . 
For  the  next  5  miles  the  channel  at  high  water  does  not  exceed 
a  mile  in  width,  and  in  the  narrowest  place  is  barely  three- 
quarters  of  a  mile.  At  New  Brighton  the  channel  divides  in 
two  parts,  one,  the  Rock  Channel,  going  to  the  south-west, 
and  having  a  width  at  low  water  of  about  the  third  of  a 
mile,  with  2  fathoms  at  low-water,  except  at  the  upper  end. 
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where  there  is  a  bar  of  rock,  on  which  there  is  only  about 
\  fathom. 

The  main  channel  is  separated  from  Liverpool  Bay  by  a  range 
of  sandbanks  known  as  the  Qi^at  Burbo,  which  are  covered 
from  about  16  feet  to  25  feet  at  high  water,  and  passes  out  to 
sea  by  the  Queen's  Channel,  between  the  tail  of  these  sands  and 
others  known  as  the  Taylor  Bank  and  Zebra  Flats.  There  is 
also  another  narrow  outlet,  the  Formby  Channel,  which  has  from 
3  to  4  fathoms  at  low  water,  except  at  the  upper  end,  where  is 
a  bar  covered  with  only  about  \  fathom.  The  set  of  the  current 
from  Liverpool  Bay  is  towards  the  main  channel  of  the  Mersey 
with  the  flood,  and  from  it  with  the  ebb.  From  the  sea  channels 
up  the  river  entrance  the  current  gradually  increases  from  2  and 
3  knots  in  the  former  to  4  and  5  in  the  latter.  At  equinoctial 
tides  it  attains  a  rate  of  7  knots  in  the  narrowest  part  of  the 
river  channel.  To  the  north  of  the  Mersey  bar  the  set  of  the 
current  along  the  coast  both  at  flood  and  ebb  is  towards  and 
from  the  Kibble,  and  to  the  south  the  set  is  in  the  direction  of 
the  coast-line,  or  nearly  east  and  west.  The  Burbo  Sands,  there- 
fore, may  be  regarded  as  a  protection  from  any  littoral  drift 
carried  by  the  flood  tides  from  being  taken  into  the  river. 

The  Crosby  Channel,  below  New  Brighton,  has  a  broad 
navigable  passage  more  than  half  a  mile  in  width,  with  a 
depth  of  26  feet  at  low  water,  increasing  in  places  to  double 
this.  The  channel  from  New  Brighton  to  the  outer  side  of 
the  bar  at  the  present  time  assumes  the  form  of  an  irregular 
curve,  having  a  radius  of  5J  miles.  Across  the  Queen's  Channel, 
at  its  junction  with  the  sea^  is  a  bar  formed  of  sand.  This  bar 
assumes  a  horseshoe-shape,  having  the  convex  end  towards  the 
sea  in  a  W.N.W  direction,  the  two  inner  ends  being  joined  to 
the  Burbo  Sands  and  Jordan  Flats.  Taking  the  distance  between 
these  sands  as  one  mile,  the  crest  of  the  bar  may  be  described  as 
one  mile  wide  by  three-quarters  of  a  mile  in  length,  and  having 
over  it,  before  the  dredging  was  commenced,  at  low  water  of 
spring  tides,  a  fathom  and  three-quarters  in  the  shoalest  part, 
extending  over  the  third  of  a  mile,  and  2  J  fathoms  over  the 
remainder.  On  the  upper  side  the  water  then  deepens  to  4^ 
fathoms  for  half  a  mile,  and  then  to  7  and  8  fathoms.  On  the 
sea  side  the  depth  increases  from  3i  to  5  J  fathoms  in  half  a  mile, 
and  then  to  7  and  8  fathoms  (Fig.  66). 

The  ridge  constituting  the  bar  always  assumes  the  form  of 
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an  arcli  or  loop,  varying  its  position  to  the  west  or  north-west 
according  to  the  deepest  depression  over  it;  occasionally  it 
assumes  a  more  crescent  form,  as  when  the  deepest  part  projects 
towards  the  west  instead  of  towards  the  north-west  and  north. 
The  deeper  part  of  the  ridge  available  for  navigation  is  generally 
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Fio.  66.— River  Mersey.    S^cUan, 


confined  to  a  length  of  about  half  a  mile,  with  sometimes  a  depth 
of  10  and  11  feet;  but  in  some  seasons  this  has  been  reduced  to 
6  feet  and  9  feet,  and  at  others  has  deepened  to  17  feet,  l^ese 
minimum  and  maximum  depths  are  very  exceptional. 

The  earliest  charts  show  that  the  position  of  the  main  sea 
channel  over  the  bar  was,  two  hundred  years  ago,  very  much  in 
the  same  position  as  it  is  now.  It  appears  to  have  varied  slightly, 
sometimes  working  more  to  the  north.  About  sixty  years  ago 
the  channel  seems  to  have  attained  its  most  southerly  limit,  being 
then  known  as  "  the  New"  or  Denham's  Channel.  In  1842  the 
course  was  by  the  Victoria  Channel,  which  went  out  to  the  south 
of  the  Little  Burbo,  about  1 J  mile  to  the  south  of  the  present 
course.  It  remained  in  this  position  till  1855,  when  the 
present  or  Queen's  Channel  began  to  open  out,  the  Victoria 
Channel  being  finally  abandoned  in  1870.  The  water  over  the 
bar  from  1838  to  1855  varied  from  14  feet  and  17  feet,  which 
prevailed  for  a  short  time  in  1847,  to  8  feet  in  1848.  The 
average  depth  over  this  time  being  9*82  feet;  the  greatest 
average  for  the  year  being  11  feet  in  1847,  and  the  least  7*80  in 
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1843.  After  the  opening  of  the  Queen's  Channel  the  average 
depth  ranged  from  8  to  9  feet  up  to  1860.  It  then  increased  to 
11  and  12,  the  greatest  annual  average  being  in  1863, 13*30  feet. 
In  1866  the  depth  began  again  to  diminish  to  11  feet,  gradually 
decreasing  to  8-30  feet  in  1869,  and  7-40  in  1873  and  1874;  it 
then  increased  to  9  feet  up  to  1883,  since  which  it  has  further 
deepened  to  11  feet.  The  greatest  depth  attained  since  the 
Victoria  Channel  has  been  opened  was  16  feet  during  July  and 
August  in  1861,  and  during  March,  April,  October,  and  Novem- 
ber, in  1863  ;  the  least  being  7  feet,  which  continued  during  1873 
and  to  the  middle  of  1874.    ^ 

It  is  very  difficult  to  assign  a  cause  for  the  variation  of  the 
depth  of  water  over  the  bar,  but  one  fact  may  be  noted — ^that  a 
diminution  of  depth  has  generally  occurred  after  heavy  land 
floods  from  the  upper  Mersey.  Thus  during  the  great  "fret" 
extending  from  1866  to  1876,  when  the  channel  was  changed 
from  the  south  to  the  north  side  of  the  upper  estuary,  the  water 
on  the  bar  declined  from  12  feet  in  1866  to  10  feet  in  the  follow- 
ing year,  and  after  an  exceptionally  heavy  rainfall  in  1872 
finally  declined  to  7  feet. 

From  this  it  would  appear  that  when  the  greatest  dis- 
turbance of  the  sands  in  the  upper  estuary  took  place,  and  the 
ebb  water  consequently  carried  down  the  greatest  amount  of 
material,  this  accumulated  at*  the  bar,  the  current  not  having 
sufficient  energy  to  lift  up  the  heavier  particles  and  carry  them 
over  the  ridge. 

So  far  as  any  reliance  can  be  placed  on  surveys  made  from 
the  old  charts  as  compared  with  those  of  the  present  day,  it 
appears  that,  although  the  height  and  position  of  the  sand- 
banks at  the  mouth  of  the  Mersey  may  have  varied  from  time 
to  time,  yet  the  total  quantity  of  material  remains  the  same, 
and  the  change  has  simply  been  a  transport  of  material  from 
one  part  to  another. 

At  the  time  when  the  Victoria  Channel  was  in  existence, 
Captain  Denham  made  an  attempt  to  improve  the  depth  over 
the  bar  by  a  system  of  harrowing,  and  succeeded  in  deepening 
the  water  over  a  space  one  mile  in  length ;  but  there  was  so  much 
difficulty  placed  in  his  way  that  he  abandoned  the  attempt. 

The  question  of  improving  the  bar  has  naturally  frequently 
occupied  the  attention  of  the  authorities.  Mr.  Bennie,  when 
consulted,  expressed  the  opinion  that  the  only  remedy  was  by 
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concentrating  the  whole  energy  of  the  flood  and  ebb  tides  on  the 
outfall  by  means  of  training  walls. 

The  present  channel  over  the  bar  having  maintained  a  per- 
manent position  for  the  last  twenty  years,  it  was  considered  (hat 
there  existed  a  reasonable  expectation  that  if  it  were  deepened 
by  dredging,  the  increased  depth  would  be  maintained  The 
Mersey  Docks  and  Harbour  Board,  acting  under  the  advice  of 
their  engineer,  Mr.  G.  F.  Lyster,  therefore  sanctioned  the  ex- 
penditure necessary  in  carrying  out  experimental  operations  for 
this  purpose.  Two  hopper  dredgers  were  fitted  with  pumping 
machinery  for  raising  the  sand  and  carrying  it  away,  and  have 
since  been  employed  on  this  work.  The  line  selected  for 
dredging  was  across  the  crest  of  the  bar  with  the  Formby  and 
Crosby  light-ships  in  line,  and  for  a  space  1000  feet  in  width  by 
3000  feet  in  length.  It  was  estimated  that  the  removal  of 
800,000  tons  of  sand  would  effect  a  deepening  of  6^  feet  below 
the  shallowest  place  then  found,  giving  17  feet  at  low  water  of 
spring  tides.  The  operations  were  commenced  in  the  autumn  of 
1890.  Up  to  July,  1893,  2i  million  tons  of  sand  had  been 
removed,  and  an  average  depth  of  20  feet  at  low  spring  tides 
secured.  The  velocity  of  the  current  through  the  deepened  part 
had  also  been  increa.sed.  Several  severe  gales  occurred  during 
the  progress  of  the  work  without  apparently  affecting  the 
increased  depth.  The  amount  expended  in  plant  and  working 
expenses  during  the  first  year  was  £15,000.  The  prospect  of  a 
permanent  increase  in  depth  was  considered  by  Admiral  Richards, 
the  marine  superintendent,  and  by  Mr.  Lyster,  so  hopeful  that 
the  Mersey  Dock  Board  determined  to  spend  a  further  sum  of 
£65,000  in  building  a  dredger  capable  of  carrying  3000  tons,  and 
in  securing  a  depth  of  30  feet  at  low  water.  A  description  of 
this  machine  will  be  found  in  the  chapter  on  "  Dredging." 

The  channel  from  the  bar  up  to  New  Brighton  has  practically 
remained  unaltered  in  position  and  depth  so  far  as  any  means 
of  comparison  exist  Above  this  a  large  space  on  the  east  side, 
originally  covered  by  the  tides,  is  now  occupied  by  the  docks. 
This  enclosure  does  not  appear  to  have  affected  the  condition  of 
the  channels  except  by  a  deepening  to  compensate  for  the 
decreased  width.  At  the  upper  end  of  the  narrow  channel 
running  past  Liverpool,  a  considerable  shoal  known  as  the 
Pluckington  Bank  extends  out  from  the  east  shore,  causing 
inconvenience  to  the  navigation  and  to  the  approaches  to  the 
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southern  docks.  This  shoal  consists  of  deposit  covering  a  sub- 
stratum of  rock.  Captain  Denham,  the  conservator  of  the 
Mersey,  ascribed  the  formation  of  this  shoal  to  the  deflection  of 
the  current  by  the  projecting  rocks  at  Dingle  Point,  causing  an 
eddy  and  the  deposit  of  material  on  the  ebb  fcida  This  bank 
has  a  tendency  to  increase  in  size,  its  area  having  augmented  in 
fifty  years  about  80  per  cent.,  and  its  cubical  contents  41  per  cent. 
Many  su^estions  have  been  made  for  its  removal.  The  deposit 
is  now,  to  a  certain  extent,  kept  under  by  a  series  of  large  sluices 
supplied  from  the  dock,  which  are  opened  at  low  water. 

Opposite  Pluckington  Bank  is  the  Slojme  Deep,  having  8  to  9 
fathoms  at  low  water,  suddenly  shoaling  to  2^  above  Tranmere ; 
the  channel  then  deepens  again  to  4^  fathoms  up  to  Eastham, 
where  is  the  entrance  to  the  Manchester  Ship  Canal.  On  the 
other  side  of  the  estuary  there  is  also  a  narrow  deep  channel, 
having  4J^  to  5  fathoms,  known  as  Garston  Deeps.  Above  this 
the  river  passes  through  a  wide  sandy  estuary  30  square  miles  in 
extent,  of  which  about  27  square  miles  are  uncovered  at  low  water. 
The  highest  part  of  the  sand  is  not  covered  at  neap  tides.  In  the 
lowest  part  of  the  channel  there  is  about  16  feet  of  water.  The 
estuary  is  shut  in  by  cliffs  varpng  in  height  from  5  to  40  feet, 
composed  of  soft  material,  which  is  continually  being  degraded 
by  the  weather  and  eroded  by  the  tides,  and  being  removed  at 
a  rate,  estimated  by  M.  G.  Hill,  at  one  foot  a  year,  sending  into 
the  estuary  material  to  the  extent  of  about  50,000  cubic  yards  a 
year.  In  addition  to  this,  an  enormous  quantity  of  deposit  is 
brought  down  into  the  estuary,  due  not  only  to  natural  causes, 
but  to  the  sewage  and  refuse  thrown  into  the  rivers  in  the 
manufacturing  places  through  which  they  pass.  This  material 
is  carried  down  by  the  ebb  during  freshets,  and  oscillates  back- 
wards and  forwards  with  the  tides,  a  large  quantity,  600,000  tons 
a  year,  being  carried  into  and  deposited  in  the  docks,  requiring 
constant  dredging. 

From  samples  of  water  taken  from  the  estuary  near  EUesmere 
Port  in  March,  1884,  during  the  equinoctial  spring  tide,  the 
quantity  of  matter  in  suspension  varied  from  20*21  grains  in  the 
gallon  for  the  first  hour  of  flood  to  about  half  this,  averaging  12*90 
to  the  time  of  high  water.  At  high  water  slack  the  quantity  was 
5*25  grains,  the  average  up  to  2^  hours  after  high  water  being 
6*04  grains.  As  the  sandbanks  began  to  uncover,  the  quantity 
increased  to  15*60  grains,  and  from  4  hours  after  high  water  to 
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nearly  low  water,  when  all  the  sandbanks  were  uncovering,  the 
quantity  increased  to  54*25  grains,  the  average  being  36*94.  The 
mean  quantity  on  the  flood  was  16*01  grains,  and  on  the  ebb 
22*21  graina  The  river,  at  the  time  these  samples  were  taken, 
was  in  dry-weather  condition,  no  rain  having  fallen  for  the 
previous  10  days,  wind  light. 

The  channel  in  the  upper  estuary  is  continually  shifting  its 
position.  The  fresh-water  floods  and  the  tidal  currents  not 
acting  along  the  same  lines,  the  channel  assumes  a  difierent 
direction  after  heavy  floods,  when  the  fresh  water  prevails  over 
the  tidal  Thus  in  1829  the  chaimel  was  neaxly  in  the  centre 
of  the  estuary;  in  1846  it  was  on  the  north  side ;  in  1851  it  had 
returned  to  the  centre;  in  1861  it  was  working  to  the  south, 
and  5  years  later  was  close  under  Stanlow  Point.  The  principal 
changes  are  shown  by  the  dotted  lines  on  the  plan  (Fig.  65). 
In  1866  there  was  a  very  heavy  downfall  of  rain,  followed  by 
floods,  and  the  channel  gradually  shifted  from  the  south  side  of 
the  estuary  to  nearly  the  middle  in  1870.  In  1872  the  rainfall 
was  exceptionally  heavy;  the  channel  continued  moving,  and 
finally  reached  the  north  side,  running  close  under  Oglet  Point 
in  1876,  thus  having  altered  its  position  nearly  three  miles. 
During  this  great  "fret"  it  was  calculated  that  5,800,000 
cubic  yards  of  sand  were  shifted. 

The  depth  of  water  in  the  channel  in  the  upper  estuary  in 
many  places  is  not  more  than  3  feet.  Vessels  of  300  to  400 
tons  can  reach  Ellesmere  Port  at  spring  tides ;  above  this  only 
the  smallest  class  of  vessels  can  get  up  to  Runcorn. 

There  is  a  weir  across  the  river  at  Warrington,  but  the  tidal 
influence  extends  up  to  Woolston  Weir,  36i  miles  from  the  bar. 
Neap  tides  do  not  reach  further  than  Fidler's  Ferry,  8  miles 
lower  down.  Before  the  construction  of  the  Manchester  Ship 
Canal,  ordinary  tides  flowed  up  the  Weaver  to  Sutton  Weir,  near 
Frodsham,  about  2  miles  above  the  junction  with  the  Mersey. 

The  tidal  water  passing  in  and  out  from  the  sea  through 
the  narrows  above  New  Brighton  is  estimated  at  710  million 
cubic  yards  at  spring  tides,  and  281  millions  at  a  neap  tide. 
The  ordinary  discharge  of  the  upland  water  is  calculated  at 
from  2J  million  cubic  yards  in  12  hours,  or  ^^  of  the  tidal  flow 
at  spring  tides.  The  estimated  quantity  of  tidal  water  flowing 
in  and  out  of  the  bay  below  New  Brighton  is  738  million  cubic 
yards^  making  a  total  quantity  of  1521  million  cubic  yards. 
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Of  this  quantity,  from  the  time  of  high  water  to  3f  hours  after, 
when  the  sandbanks  at  the  mouth  of  the  river  begin  to  uncover, 
two-thirds  of  the  volume  of  the  tidal  water  have  ebbed  away  at  a 
velocity  of  about  ^  to  a  1^  knot.  After  the  banks  are  uncovered 
and  the  ebb  water  is  confined  to  the  channel,  the  velocity  increases 
till  the  maximum  of  2*2  knots  is  reached,  at  If  to  |  of  an  hour 
before  low  water ;  during  this  period,  when  the  maximum 
velocity  is  in  operation,  162  million  cubic  yards  of  water  flow 
out  over  the  bar,  or  about  ^  of  the  whole  quantity  discharged, 
71  million  coming  from  the  upper  estuary,  and  91  from  below 
New'  Brighton.  At  low  water  the  mean  velocity  falls  to  1*9 
knots.  The  mean  sectional  area  of  the  channel  from  New 
Brighton  to  the  bar  is  computed  by  Mr.  Shelford  at  144,000 
square  feet,  the  effective  width  of  the  channel  at  the  bar  being 
23,200  feet,  which,  with  a  minimum  depth  at  low  water  spring 
tides  of  11  feet,  would  give  the  effective  area  as  275,200  feet. 

The  rise  of  spring  tides  at  Liverpool,  as  given  in  the  Admiralty 
tide-tables,  is  27^  feet,  and  of  neaps  20^  feet  Mr.  Bendel,  from 
observations  made  in  1844,  gives  the  average  rise  of  spring  tides 
above  the  old  dock  sill  as  19  feet  \  inch,  or  14'37  feet  above 
ordnance  datum ;  the  average  spring  tide  low  water  as  8  feet 
10  inches  below  th^  old  dock  sill,  or  13'51  below  ordnance 
datum,  making  the  rise  27  feet  10^  inches;  and  the  average 
height  of  neap  tides  as  11  feet  7  inches,  or  4*91  above  ordnance 
datum,  the  range  of  neap  tides  being  13  feet.  The  highest 
recorded  tide  given  by  Mr.  Rendel  is  that  of  January  20,  1863, 
which  rose  23  feet  '9  inches  above  the  old  dock  sill,  or  19*08 
above  ordnance  datum,  and  had  a  range  of  32  feet  7  inches. 
In  very  strong  gales  the  tides  will  be  affected  to  the  extent  of 
5  feet.  The  greatest  velocity  of  the  flood  through  the  narrows 
he  found  to  be,  at  3  hours'  flow,  6|  miles  an  hour;  and  of  the  ebb, 
at  2  hours  after  high  water,  7  miles  an  hour. 

High  water  spring  tides,  full  and  change,  occurs  at  Liverpool 
at  11*23. 

The  mean  of  several  observations  made  by  Mr.  Rendel  in 
1844,  gave  spring  tides  as  rising  13  inches  higher  at  Ellesmere 
Port  than  at  St.  George's  Pier,  1  foot  10  inches  higher  at 
Runcorn,  1  foot  8  inches  at  Fidler's  Ferry,  and  2  feet  3  inches 
at  Warrington.  Neap  tides  rose  8  inches  higher  at  Ellesmere 
Port,  11  inches  at  Runcorn,  10  inches  at  Fidler's  Ferry,  and  18 
inches  at  Warrington.    The  mean  of  a  number  of  observations 
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of  the  tides  indicated  that  spring  tides  rose  10  J^  inches  higher  in 
1873  than  in  1822,  the  level  of  the  ebb  varying  only  1  inch 
(see  diagrams  of  ebb  and  flood  tides,  Figs.  67  and  68).     High 
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Fxo.  67.— RlTer  Meney.    Tid*l  diagram  (flood). 

Jfo^— The  lines  show  the  relsttre  height  of  the  water  (spring  tide)  In  the  river  at  ootrespomdiiig 
Interrals.  The  dotted  line  shows  the  level  of  the  ebb  at  the  bar  when  it  Is  high  water  at  westoo 
Point. 
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Fro.  68.— RlTer  Heney.    Tidal  diagram  (ebb). 

jYote. — The  lines  show  the  relative  height  of  the  water  (spring  tide)  in  the  river  at 

corresponding  intervals. 
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water  was  half  an  hour  later  at  the  Rock  Lighthouse  than  at 
Formby  Point ;  an  hour  later  at  St.  George's  Pier  and  Ellesmere 
Port ;  1^  hour  later  at  Runcorn  and  Fidler'a  Ferry ;  and  2  J  hours 
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later  at  Warrington  Bridge.    The  tide  ebbed  2  hours  at  the  bar 
before  high  water  was  reached  at  Warrington.    The  first  of  the 
flood  was  felt  45  minutes  later  at  St.  George's  Pier  than  at  Formby 
Pointy  or  at  the  rate  of  13'33  miles  an  hour  \  313  hours  later  at 
EUesmere  Port  than  at  Formby  Point,  or  at  the  rate  of  3*36 
miles  an  hour  between  St.  George's  Pier  and  this  place ;  4  hours 
6  minutes  later  at  Runcorn,  or  at  the  rate  of  8*53  miles  an  hour 
from  EUesmere ;  5  hours  22  minutes  later  at  Fidler^s  Ferry,  or  at 
the  rate  of  3*60  miles  an  hour  from  Runcorn ;  and  6  hours  35 
minutes  later  at  Warrington  Bridge,  the  total  distance  being 
36^  miles,  or  at  the  rate  of  2*62  miles  an  hour  from  Warrington. 
The  total  time  occupied  to  Woolston  Weir,  the  limit  of  the  tide, 
was  6  hours  35  minutes.     Spring  tides  flow  5  hours  20  minutes 
at  Formby,  5^  hours  at  St  George's  Pier,  3  hours  at  EUesmere 
Port,  2 J  hours  at  Runcorn,  1*40  minutes  at  Fidler's  Ferry,  and 
50  minutes  at  Warrington  Bridge. 

The  inclination  of  the  low- water  line  at  spring  tides  during 
ordinary  flow,  say  one  hour  before  low  water,  is  as  follows : — 

Wftrrington 
Fldlei^B  Ferry     ... 
BuDoom 

EUesmere  Port  ... 
St.  George's  Pier 
The  Bar 

Total      ...  ...      S6i 

Low  water  ebbs  out  lower  in  the  upper  part  of  the  estuary 
at  neaps  than  at  springs.  From  observations  made  during  the 
equinoctial  tides  in  March,  1874,  low  water  was  found  to  be 
5  feet  lower  at  Warrington  during  a  neap  than  the  previous 
spring  tide  and  4  feet  at  Fidler's  Ferry.  At  Runcorn  it  was  1  foot 
higher  at  neaps  than  springs ;  at  EUesmere  it  was  10  feet  higher ; 
at  St  George's  Pier,  8  feet  higher ;  and  at  the  bar,  7  feet  6  inches 

higher. 

The  Mersey  is  connected  with  the  rest  of  England  by  a 
system  of  canala  The  Leeds  and  Liverpool  canal,  which  joins 
the  river  near  the  docks,  gives  access  to  Leeds,  and,  by  its 
junction  with  the  Aire  and  Oalder  system,  with  the  Humber 
and  all  the  centre  and  east  of  England.  The  Shropshire  Union 
canal  system,  which  permeates  the  potteries  and  extends  into 
Wales  and  up  to  Birmingham,  joins  the  Mersey  at  EUesmere 
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Port^  where  there  are  docks  and  warehouses  for  the  accommoda- 
tion of  its  traffic  The  river  Weaver,  which  joins  at  Weston 
Point,  is  canalized,  its  locks  being  of  sufficient  sisse  to  admit 
vessels  of  300  to  400  tons.  A  very  large  quantity  of  salt  firom 
the  Cheshire  mines  is  conveyed  down  the  Weaver  by  barges  to 
Saltport  on  the  Manchester  Ship  Canal,  and  to  the  docks  at 
Liverpool.  The  Bridgwater  Canal,  which  formerly  was  the 
principal  means  of  water-communication  between  Liverpool 
and  Manchester,  joins  at  Runcorn,  where  also  are  considerable 
docks;  above  Warrington,  where  the  river  was  canalized,  the 
Mersey  and  Irwell  navigation  goes  also  to  Manchester. 

The  Manchester  Ship  Canal,  the  works  for  which  were 
commenced  in  1887,  enters  the  Mersey  at  Eastham  by  means  of 
locks  capable  of  taking  the  largest  class  of  steamers ;  the  canal 
skirts  the  shore  of  the  estuary  to  a  little  above  Runcorn,  and 
is  semi-tidal  as  far  as  the  first  locks  at  Latchford,  20  miles  from 
Eastham.  The  water  in  the  channel  is  maintained  at  an  average 
depth  of  26  feet.  At  Eastham  this  is  about  the  level  of  mean 
high  water.  There  are  altogether  four  sets  of  locks  in  addition 
to  those  at  Eastham,  giving  a  total  rise  from  the  water-level  at 
Eastham  of  60^  feet  to  the  surface-level  of  the  docks  at 
Manchester.  The  canal  is  35^  miles  long,  has  a  minimum 
depth  of  26  feet,  a  bottom  width  of  120  feet.  The  large  lock 
at  Eastham  is  600  feet  long  by  80  feet  wide,  the  second  lock 
350  feet  by  50  feet,  and  the  barge  lock  160  X  30.  There  is 
a  clear  heading  under  the  fixed  bridges  of  75  feet.  The  traffic 
from  the  Weaver,  the  Bridgwater,  and  the  Shropshire  Union 
canals  passes  through  the  canal  and  joins  the  Mersey  at 
Eastham. 

The  first  intention  of  Mr.  Leader  Williams,  the  engineer  of 
the  canal,  was  to  train  and  deepen  a  channel  through  the  centre 
of  the  estuary,  commencing  opposite  Qarston,  and  terminating 
a  mile  above  Runcorn,  where  the  first  lock  was  to  be  situated 
and  the  canal  proper  to  commence.  A  single  branch  training 
wall  was  to  commence  at  the  head  of  the  Sloyne  deep,  skirting 
the  shore  up  to  EUesmere  Port,  whence  the  training  was  to  be 
continued  by  two  walls  to  join  the  main  channel  \  a  single  branch 
wall  was  also  to  connect  the  main  channel  with  the  Weaver  at 
Frodsham.  From  Weston  Point  there  was  only  to  be  a  single 
training  wall  on  the  north  side  to  the  bend  in  the  river  a  mile 
above  Runcorn,  where  the  tidal  locks  were  to  be  placed  on 
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Astmoor  Marsh.  The  channel  through  the  esfcuary  was  to  be 
1000  feet  wide  at  the  lower  end^  diminishing  to  400  feet  at 
Weston  Point,  seven  miles  up,  and  300  feet  at  Runcorn.  The 
top  of  the  training  walls  was  to  be  3  feet  below  the  level  of 
neap  tides,  and  the  channel  was  to  be  dredged  out  so  as  to  give 
12  feet  at  low  water  of  spring  tides,  and  40  feet  at  high  water. 
The  bed  of  the  estuary  was  found,  by  the  borings  taken,  to  consist 
of  sand  for  a  depth  of  about  14  feet,  and  underlying  this  gravel 
and  clay,  and  in  places  soft  sandstone  rock,  upon  which  the 
training  walls  would  have  rested. 

This  scheme  was  strongly  opposed  by  the  Liverpool  Dock 
Board  and  others,  the  principal  ground  of  opposition  being  that 
the  proposed  works  in  the  estuary  would  have  a  damaging  effect 
on  the  channel  leading  to  Liverpool  Docks  and  on  the  bar. 
It  was  contended  by  the  opponents  that  the  continual 
fretting,  and  changes  in  position  which  took  place  in  the  channel 
between  Runcorn  and  Garston  prevented  accretion  and  main- 
tained the  tidal  reservoir  at  its  fullest  capacity,  and  was  thus 
beneficial  to  the  channel  below  Liverpool ;  that,  if  the  channel 
was  fixed  in  one  place,  the  sands  would  accrete,  and  the  quantity 
of  tidal  water  passing  into  the  upper  estuary  be  lessened  in 
quantity,  and  its  scouring  effect  on  the  bar  be  weakened.  On 
the  other  hand,  it  was  contended  by  the  promoters  that  the 
fixing  of  the  channel  would  not  create  any  new  material ;  that 
if,  owing  to  the  channel  becoming  fixed,  a  portion  of  the  estuary 
became  higher  and  were  even  grassed  over,  this  would  only  be 
the  result  of  a  transposition  of  material,  and  if  it  was  higher  in 
one  place  it  would  become  lower  in  another ;  that  the  dredging 
of  the  deep,  wide  channel  necessary  for  the  passage  of  large 
steamers  would  admit  additional  tidal  water;  that  due  to  this 
improved  channel  the  low  water  would  be  lowered  and  high 
water  raised,  admitting  8^  million  cubic  yards  of  extra  tidal 
water,  in  addition  to  IJ  million  cubic  yards  which  would  be 
admitted  into  the  canal  up  to  Latchford ;  that  the  tidal  water 
would  be  free  from  the  deposit  now  sent  into  the  channels  by 
the  continual  fretting  of  the  sands,  and  would  therefore  be  in 
the  most  effective  form  for  carrying  out  of  the  estuary  the 
detritus  brought  down  the  upper  rivers  in  floods,  and  also  that 
due  to  the  erosion  of  the  cliffs ;  that  the  result  would  be  that, 
instead  of  a  shallow  channel  trailing  over  a  maze  of  sands, 
there  would   be   a    deep,   regulated,  energetic  current,  acting 
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alTvayB  along  the  same  line  both  at  flood  and  ebb;  and  that 
the  volume  of  water  flowing  up  and  down  this  deep-water 
channel,  combined  with  the  greater  range  of  the  tide,  would  be 
more  likely  to  have  a  beneficial  scouring  effect  on  the  lower 
channel  and  on  the  bar  than  the  present  wandering  channel 
with  its  tidal  water  loaded  with  deposit  from  the  fretting  of  the 
sands;  that  under  present  conditions,  when  fretting  is  going 
on,  the  ebb  transports  a  large  quantity  of  matter,  either  in 
suspension  or  by  rolling  along  the  bottom,  which  is  carried  to 
the  bar,  where  the  strength  of  the  current  is  unable  to  lift  it  up 
over  the  ridge,  and  that  it  consequently  accumulates,  decreasing 
the  depth  of  water;  that,  as  a  matter  of  fact,  the  depth  of 
water  over  the  bar  has  always  been  less  after  heavy  land  floods. 
The  influence  brought  to  bear  by  the  Liverpool  Dock  Board 
and  the  fear  of  any  risk  of  damaging  the  a.ccess  to  Liverpool 
were  sufficient  to  prevent  the  promoters  obtaining  Parliamentary 
sanction  to  this  scheme,  and  they  therefore  brought  forward  the 
present  plan,  which  practically  leaves  the  tidal  conditions  of  the 
estuary  untouched. 

The  docks  at  Liverpool  extend  over  a  frontage  along  the 
Mersey  of  6  miles,  and  for  a  width  varying  from  700  to  2200 
feet,  and  cover  about  381  acres.  There  are  also  docks  at 
Birkenhead  on  the  Cheshire  side  of  the  river,  and  at  Garston, 
the  latter  belonging  to  the  London  and  North  Western  Railway 
Company. 

The  first  dock  was  constructed  at  Livei-pool  in  1708.  The 
"  Old  Dock "  was  4  acres  in  extent,  and  was  designed  by  Mr. 
Thomas  Steer  to  accommodate  100  vessels,  affording  a  depth  of 
10  feet  at  neap  tides.  This  dock  has  been  filled  up,  but  its  aill 
still  forms  the  datum  for  all  tidal  records  in  the  Mersey,  and  is 
4!'67  below  ordnance  datum.  The  total  area  of  water-space  of 
the  Liverpool  and  Birkenhead  Docks  is  546  acres,  and  the  length 
of  quays  35  miles.  The  lock  of  the  Canada  Dock  is  the  largest 
at  Liverpool,  and  is  498  feet  long,  100  feet  wide,  and  has  27 
feet  on  the  sill  at  spring  tides.  The  Hornby  and  Alexandra 
and  Langton  Docks  are  less  in  size,  but  have  about  4  feet  more 
water  on  the  silL  The  largest  entrances  at  Birkenhead  Docks 
are  the  same  size  as  those  at  Liverpool.  Considerable  enlarge- 
ments of  some  of  the  principal  locks  are  being  made  at  the 
present  time. 

The  number  of  vessels  paying  dues  to  the  Mersey  Docks  and 
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Harbour  Board  in  1891  was  22|775,  having  a  total  tonnage  of 
9,772,506  tons.  The  receipts  of  the  ttust  were  £1,110,057.  The 
outstanding  loans  amount  to  over  17  millions  of  money. 

"  The  Deposits  in  the  Mersey,"  by  Captrin  Denham,  British 
Association,  1837 ;  "  Report  on  the  Mersey  and  Irwell  Naviga- 
tion," by  a  R  Palmer,  1840 ;  "  The  Banks  of  the  Mersey,"  by 
Boult,  British  Association,  1856 ;  "  The  Mersey  and  its  Estuary," 
by  J.  M.  Shoolbred,  :Proc,  Inat  C.K,  1876,  vol.  xlvi. ;  "  The  Bar 
of  the  Mersey,"  by  W.  Shelford,  British  Association,  Manchester, 
1887;  Evidence  Manchester  Ship  Canal  Bill,  1883-1885  ;  « Recent 
Dock  Extension  at  Liverpool,"  by  G.  F.  Lyster,  Pi^oc,  Inat 
C.E.,  1890,  vol.  c. 

The  Dee. — Neither  the  size  of  this  river,  the  extent  of  the 
works  which  have  been  carried  out,  nor  the  trade  which  has 
resulted  therefrom,  would  warrant  an  account  of  what  has  been 
done ;  but  the  Dee  has  been  so  frequently  quoted  as  an  instance 
of  the  damage  that  has  resulted  to  a  tidal  channel  by  combining 
reclamation  with  river  improvement,  and  thus  decreasing  the 
tidal  area,  that  it  may  prove  instructive  to  trace  out  the  natural 
features  of  this  river,  the  treatment  it  has  received,  and  its 
present  condition. 

The  Dee  is  85  miles  long,  and  drains  862  square  miles.  The 
tidal  flow  is  arrested  at  Chester  by  a  weir,  the  crest  of  which  is 
eleven  feet  above  the  bed  of  the  river,  over  which  the  tidal 
water  can  partially  flow  at  spring  tides,  making  the  tidal 
influence  felt  about  seven  miles  above  Chester;  but,  so  far  as 
the  tidal  run  has  any  efibct  on  the  estuary,  it  may  be  considered 
as  ending  at  Chester,  25  miles  from  the  bar  in  Liverpool  Bay. 

At  Connagh's  Quay  the  duration  of  the  flood  is  2  hours 
5  minutes,  and  of  the  ebb  10  hours  23  minutes;  the  average 
rise  of  springs  is  14  feet,  and  of  neaps  6^  feet.  At  Chester  it 
is  high  water  53  minutes  later  than  at  Liverpool  A  high 
spring  tide  rises  12  feet,  and  an  ordinary  spring  tide  10  feet. 
The  duration  of  the  flood  is  2  hours,  and  of  the  ebb  10  hours. 

The  flood  tide  sets  up  the  river  with  a  bore,  which  com- 
mences about  a  mile  below  Connagh's  Quay,  and  attains  its 
greatest  height  of  two  feet  at  Sandy  Croft.  It  moves  at  the 
rate  of  8  miles  an  hour. 

In  its  natural  condition  from  Chester  down  to  Flint  (see  Fig. 
69)  the  channel  ran  through  an  open  tidal  estuary,  9  miles 
long  and  about  2  miles  wide,  over  which  it  was  continually 
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changing  it8  course,  at  one  time  running  close  to  the  east  or 
Lancashire  shore  and  at  other  times  changing  to  the  other  side 
of  the  estuary.  Below  Flint  the  channel  runs  for  10  miles 
through  an  open  sandy  estuary  to  Liverpool  Bay.  For  about 
4  miles  of  its  course  it  is  divided  into  two  low-water  channels. 
The  width  of  the  estuary  at  the  lower  end  from  Helbre 
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Island  to  the  coast  above  the  Point  of  Air  is  about  4J  miles  at 
high  water.  The  width  of  the  estuary  decreases  very  regularly 
to  \\  mile  at  Barton  Head,  ten  miles  up,  or  at  the  rate  of 
1584  feet  per  mile.  The  low-water  channel  is  not  well  defined 
owing  to  the  water  being  divided  into  two  courses,  hut  taking 
it  to  the  point  where  the  two  channels  unite,  4  miles  above  the 
Point  of  Air,  the  rate  of  decrease  is  about  1150  feet  per  mile; 
for  the  6  miles  above  this  the  decrease  is  at  the  rate  of  140 
feet  per  mile. 

The  rise  of  tide  is  very  great  at  the  bar,  being  25  feet  at 
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springs,  and  32  feet  at  equinoctial  springs,  and  19  feet  at 
neaps.  The  rate  of  the  flood  stream  in  Mostyn  Deep  is  about 
3  knots. 

In  the  reign  of  Queen  Elizabeth  a  harbour  was  made  at 
Parkgate,  on  the  east  side  of  the  estuary,  about  12  miles  below 
Chester,  the  channel  at  that  time  passing  this  part  of  the  coast. 
This  port  was  the  limit  for  seagoing  vessels,  and  became  one  of 
the  principal  places  of  delivery  for  boats  trading  between  this 
country  and  Ireland.  It  is,  no  doubt,  owing  to  the  existence  of 
this  harbour  and  the  trade  done  there  that  a  great  deal  of  error 
has  arisen  in  comparing  the  former  trade  of  the  Dee  with  that 
which  existed  after  the  river  works  were  carried  out,  a  com- 
parison being  drawn  between  the  vessels  which  formerly  traded 
to  Parkgate  with  those  which  subsequently  went  up  to  Chester ; 
and  also  to  the  fact  that,  owing  to  the  permanent  diversion  of 
the  river  to  the  west  side  of  the  estuary,  the  harbour  at  Park- 
gate  became  silted  up,  and  Flint  on  the  opposite  side  of  the  river 
took  its  place. 

The  condition  of  the  navigation  of  this  river  in  1674  is 
described  by  Andrew  Yarranton  in  his  "England's  Improve- 
ment by  Sea  and  Land,*'  as  being  choked  with  sands  so  that  a 
vessel  of  20  tons  could  not  get  up  to  Chester,  and  that  ships 
were  forced  to  lie  at  Neston  (near  Parkgate,  11  miles  below 
Chester),  in  a  very  bad  harbour,  whereby  they  received  much 
damage ;  and  navigation  was  so  imcertain  and  changeable  that 
trade  at  Chester  was  much  decayed  and  gone  to  Liverpool. 
Twenty-six  years  after  this  the  Coi*poration  of  Chester  obtained 
an  Act  of  Parliament,  giving  them  powers  to  improve  the  river, 
the  preamble  of  the  Act  stating  that  the  navigation  was  almost 
lost  and  destroyed.  The  intention  of  the  promoters  of  the 
scheme  was  to  make  the  channel  navigable  for  ships  of  100 
tons,  which  would  require  a  depth  of  10  feet  at  high  water  of 
spring  tides.  This  Act  was  allowed  to  lapse,  and  nothing  was 
done  to  improve  the  river.  Ten  years  later  Nathaniel  Kinderley 
surveyed  the  river,  and  submitted  a  scheme  for  its  improvement, 
which  relied  to  a  great  extent  on  the  land  to  be  reclaimed  from 
the  estuary  for  the  repayment  of  the  outlay  to  be  incurred. 
The  Corporation  did  not  see  their  way  to  take  up  the  scheme, 
and  the  Dee  Reclamation  Company  was  formed  in  1732,  and 
obtained  Parliamentary  powers  to  deal  with  the  river  and 
embank  and  appropriate  such  portions  of  the  reclaimed  land  as 
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at  that  time  were  not  gri^  marsh,  on  condition  that  the  new 
channel  should  have  a  depth  of  16  feet  at  high  water  ap  to 
Chester.  The  company  arranged  with  Elinderley  to  raise  the 
money  and  carry  out  the  work.  Kinderley  made  a  new  cut 
for  the  river  through  the  grass  marshes  from  Chester  to  a  little 
above  Connagh's  Quay,  diverting  its  course  to  the  west  or 
Cheshire  side.  The  length  of  the  new  cut  was  5^  miles.  The 
channel  was  comfined  to  its  course  on  the  west  side  by  a 
longitudinal  wall  3^  miles  long,  commencing  2J  miles  below 
Chester.  On  the  east  side  a  continuous  bank  was  made  &om 
Chester  downwards.  The  river  was  turned  into  the  new  channel 
in  1737.  As  the  land  became  fit  for  reclamation  the  banks  were 
raised  so  as  to  exclude  the  tide,  and  the  whole  of  the  land  on 
both  sides  down  to  Connagh's  Quay  was  reclaimed  and  made 
available  for  cultivation. 

A  great  deal  of  opposition  was  raised  to  the  scheme,  on  the 
ground  that  the  exclusion  of  the  tidal  water  by  the  reclamation 
would  injuriously  affect  the  navigation  through  the  lower  part  of 
the  estuary,  the  quantity  thus  excluded  being  estimated  by 
Mackay,  who  was  employed  by  the  opponents  to  make  a 
survey  of  the  estuary,  at  ''  no  less  than  two  hundred  millions 
of  tons  of  tide  which  will  be  prevented  from  flowing  twice  in 
24  hours." 

A  space  varying  in  width  from  660  feet  at  the  upper  end  to 
about  1500  at  the  lower,  was  left  between  the  banks.  This  space 
was  subsequently  contracted  by  fifty  groynes,  placed  on  the 
west  side  at  right  angles  to  the  channel,  and  averaging  from  9 
to  10  chains  apart. 

The  channel  is  now,  at  low  water,  220  feet  wide  at  Chester, 
increasing  to  290  feet  a  little  below  Queen's  Ferry,  about  6 
miles  down ;  it  then  widens  out  to  over  450  feet  for  the  next 
3  miles  to  the  end  of  the  training  walls,  after  which  the  low- 
water  channel  contracts  to  about  half  this  width  along  The 
Causeway. 

In  determining  the  width  to  be  given  to  the  channel, 
Kinderley  was  no  doubt  more  influenced  by  the  room  required 
for  a  sailing  vessel  to  turn  up  the  channel  than  by  the-  actual 
requirements  of  the  tidal  flow  or  of  the  fresh-water  ebb. 

The  sum  of  £80,000  was  spent  on  the  river  diversion  in 
training  and  reclamation  works,  and  4000  ax»:es  of  land  were 
reclaimed  by  the  company,  and  3000  acres  by  the  frontagers. 
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The  rental  value  of  the  4000  acres  enclosed  by  the  company 
W8»  put  at  £6500  a  year  in  1850. 

The  company  received  no  return  on  the  outlay  of  capital 
until  50  years  after  the  works,  were  completed.  When  the  Dee 
Company  began  their  works,  the  various  shifting  channels  from 
Flint  to  Chester  were  in  such  a  condition  as  to  be  only  navi- 
gable by  small  craft,  vessels  of  any  size  lying  at  Parkgate  and 
discharging  there.  From  GrenviUe  Collins'  chart  of  1684  and 
Mackay's  of  1732,  it  appears  that  previous  to  the  works  carried 
out  by  the  company  there  was  8  feet  at  low  water  and  20  feet 
at  high  water  of  spring  tides  in  the  navigable  channel  at  Park- 
gate  nearly  opposite  Flint,  the  channel  then  being  on  the 
Lancashire  side  of  the  estuary;  7  feet  at  low  water  and  19  feet 
at  high  water  at  Barton  Head,  2\  miles  further  up ;  2  feet  and 
10  feet  at  Saltney ;  2  feet  at  low  water  and  9  feet  at  high  water 
at  Chester.  After  the  works  carried  out  by  Kinderley,  the  depth 
up  to  Chester  was  increased  to  14  feet  at  high  water.  Although 
this  was  2  feet  less  than  had  been  promised,  and  1  foot  less 
than  was  required  to  enable  the  company  to  take  tolls  from 
the  navigation,  it  was  a  very  decided  improvement  on  the 
condition  of  the  river  before  the  company's  works  were 
completed. 

Telford,  reporting  on  the  river  in  1817,  found  it  so  improved 
that  he  remarks  that  the  Clyde  at  that  time  had  not  been  ren- 
dered as  perfect  as  the  Dee.  Tn  order  to  obtain  a  greater  depth 
than  then  existed,  he  advised  that  a  training  wall  should  be  put 
in  at  the  lower  end  of  the  new  works,  from  Connagh's  Quay  to 
Flint,  in  order  to  make  the  course  more  direct  and  prevent  the 
channel  from  going  over  to  the  east  side  at  Parkgate.  This 
training  wall,  known  as  *'  The  Causeway,"  was  commenced  and 
extended  for  about  a  mile  and  a  quarter,  but  it  has  not  since  been 
carried  further.  In  a  report  made  by  Rennie  in  1837,  he  says  that 
the  result  of  the  works  has  been  to  increase  the  depth  of  water 
between  Flint  and  Chester,  giving  an  available  depth  of  from 
14  feet  to  14  feet  6  inches.  This  would  show  a  gain  of  five  feet 
on  the  depth  in  the  channel  before  the  works  were  commenced. 
Below  Flint  he  did  not  find  that  any  improvement  had  taken 
place. 

In  1837  the  depth  of  water  at  low  water  at  Chester  was 
6  feet,  and  spring  tides  rose  13  feet  8  inches ;  at  Flint  high  spring 
tides  rose  23  feet  11   inches,  and  at  the  Point  of  Air  29  feet 
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6  inches ;  neap  tides  rising  2  feet  9  inches  at  Chester,  10  feet 

11  inches  at  Flint,  and  11  feet  4  inches  at  the  Point  of  Air. 

The  depth  of  water  in  the  chajinel  has  varied  fi*om  time  to 
time,  being  influenced  to  a  certain  extent  by  the  amount  of 
water  coming  down  in  floods.  Owing  to  the  shifting  character 
of  the  channel  below  Flint,  and  the  want  of  tidal  backwater 
due  to  the  obstruction  caused  by  the  weir  at  Chester,  the 
material  arising  from  the  shifting  sands  brought  up  by  the  flood 
tide  accumulates  in  the  channel  in  dry  weather,  and  remains 
until  a  heavy  freshet  scours  it  out  again.  In  1850,  at  the 
Admiralty  inquiry  held  respecting  the  river,  it  was  reported 
that  at  that  time  there  was  at  one  place  a  shoal  in  the  river 
which  reduced  the  statutable  depth  of  15  feet  by  3  feet,  and  in 
other  places  the  depth  was  deficient  about  1  foot. 

On  the  Admiralty  chart  of  1886,  the  depth  in  the  channel  at 
low  water  is  9  feet  at  Connagh's  Quay,  and  16  feet  at  Flint 
The  depth  between  Flint  and  Chester  remains  about  the  same 
as  in  1850.  So  that,  for  a  period  of  upwards  of  150  years  since 
the  new  cut  was  made,  although  the  promised  depth  of  15  feet 
had  not  been  attained  by  a  small  deficiency,  the  navigation  was 
benefited  by  the  reclamation  works  in  having  a  permanent 
channel  in  place  of  a  shifting  one,  and  an  increased  depth  of  at 
least  5  feet. 

With  regard  to  the  efiect  on  the  lower  part  of  the  estuary 
from  Barton  Head  to  the  bar,  although  from  the  surveys  of 
Qrenville  Collins  in  1684,  and  Mackay  in  1732,  it  appears  that 
the  navigable  channel  has  considerably  altered  its  course  at  the 
lower  end,  being  shown  at  that  time  as  taking  a  north-easterly 
direction  from  Helbre  Island  along  the  south-east  of  Hoyle  sand, 
whereas  now  the  main  channel  is  by  Mostyn  Deep,  to  the  west 
of  the  West  Hoyle  Bank,  a  second  channel  going  to  the  east  of 
the  same  bank,  yet  the  navigable  depth  of  water  is,  if  anything, 
greater  than  shown  on  those  charts.  The  depth  on  the  bar  is 
not  given  previous  to  1839,  when  9  feet  was  shown.  Rennie  in 
1837,  and  Scott-Russell  in  1845,  reported  the  depth  as  being 

12  feet.     The  Admiralty  chart  of  1886  shows  15  feet. 

The  shape  of  the  estuary  of  the  Dee,  with  its  gradually  con- 
verging coast-lines  and  the  great  rise  of  tide,  appear  to  render  it 
eminently  adapted  for  the  propagation  of  the  tidal  wave,  and 
for  providing  a  good  deep  navigable  channel  at  small  outlay. 
No  doubt,  if  the  requirements  of  the  navigation  of  the  last 
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century  and  those  of  the  present  day  be  taken  into  consideration, 
the  channel  is  now  in  a  comparatively  worse  condition  than  it 
was  when  the  reclamation  works  were  carried  out ;  but  against 
this  must  be  set  the  fiaxst  that  no  works  of  any  importance  have, 
since  the  completion  of  the  reclamation  works  a  century  and 
a  half  ago,  been  carried  out  for  improving  the  channel.  A 
gradual  extension  of  the  training  walls  as  advised  by  Telford 
and  Rennie,  which  could  have  been  effected  at  a  moderate  cost, 
would  have  effected  a  material  improvement  by  cutting  off  the 
sharp  bend  above  Flint,  and  giving  the  channel  such  a  direction 
as  would  have  taken  it  straight  into  Mostyn  Deep.  A  moderate 
amount  of  dredging  up  the  centre  of  the  permanent  channel 
could  have  been  effected  without  disturbing  the  existing  training 
walls,  and  would  have  given  the  statutable  depth,  enabling  the 
Commissioners  to  take  tolls  and  placing  additional  funds  at  their 
disposal. 

The  direction  given  to  the  channel  when  the  reclamation 
works  were  carried  out  was  opposed  to  all  correct  principles  of 
river  hydraulics.  Elinderley  was  no  doubt  driven  to  this  against 
his  better  judgment  by  some  strong  local  influence.  If  the 
channel  had  been  kept  more  in  its  old  course  on  the  Lancashire 
side,  and  trained  with  a  gentle  curve,  instead  of  having  a  long 
straight  reach  terminating  at  each  end  in  sharp  curves,  the 
scouring  effect  both  of  the  tidal  and  fresh  water  would  have 
been  far  more  effective  in  maintaining  deep  water,  and  its 
influence  on  the  lower  reach  have  been  much  greater.  Consider- 
ing also  the  short  tidal  run  and  limited  drainage  area  of  the  Dee, 
the  low- water  channel  is  too  wide  to  maintain  its  proper  depth 
by  scour.  The  sharp  curves  in  the  permanent  channel  below 
Chester  derange  the  action  of  the  flow,  and  add  an  impediment 
to  the  scouring  action.  So  long  as  they  are  permitted  to  remain 
in  their  present  condition  they  must  prevent  any  large  vessel 
reaching  Chester,  as  the  sharpest  bend  has  a  radius  of  only  528 
feet,  and  the  two  others,  less  than  half  a  mile  apart,  of  1089 
and  1650  feet  respectively  in  a  channel  of  320  feet  in  width. 
In  fact,  the  Dee  is  an  instance  of  fair  results  obtained  in  spite 
of  bad  engineering  and  adverse  tidal  conditions  in  the  higher 
part  of  the  river ;  and  of  neglect  by  those  in  charge  in  con- 
tinuing the  works  commenced  to  meet  the  growing  requirements 
of  the  navigation.  A  comparison  was  drawn  in  1818  by  Telford 
between  the  Dee  and  the  Clyde,  which  at  that  time  was  in 
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favour  of  the  former  river.  The  case  now  is  of  course  altered ; 
but,  in  comparing  the  Dee  with  either  the  Clyde  or  the  Tyne, 
the  amount  of  money  spent  must  be  taken  into  consideration. 
On  the  Dee  only  about  £100,000  was  spent,  a  very  small  portion 
of  which  was  provided  by  the  navigation  authorities.  The 
works  were  carried  out  by  a  company  formed  solely  for  the 
purpose  of  reclamation,  with  a  result  that  the  produce  from 
about  7000  acres  of  land  of  excellent  quality,  formerly  bare 
sands,  has  been  added  to  the  national  resources. 

In  1891,  the  Commissioners,  having  obtained  fresh  powers 
under  an  Act  of  Parliament,  carried  out  a  limited  amount  of 
dredging  in  the  channel,  and  by  this  means  obtained  an  increased 
depth.  In  the  following  year,  after  an  inquiry  held  by  Sir 
Qeorge  Nares,  R.N.,  for  the  Board  of  Trade,  a  certificate  was 
given  that  the  statutable  depth  of  15  feet  had  been  acquired, 
and  the  Commissioners  were  accordingly  enabled  to  levy  tolls 
on  the  shipping  for  the  first  time.  For  the  removal  of  the  shoal 
places  in  the  channel,  Mr.  Taylor,  the  engineer  of  the  trust, 
adopted  the  principle  of  erosion,  and,  by  stirring  up  the  silt 
and  sand  of  which  they  consisted  by  an  Eroder,  kept  them 
sufficiently  alive  to  allow  of  their  being  transported  out  of  the 
channel  by  the  ebb  currents.  The  depth  of  the  water  was  thus 
increased  about  2  feet. 

Tidal  Harbour  Commissioners'  Report  on  the  Dee,  1845  and 
1846.  Admiralty  Inquiry,  Dee  Navigation  Improvement,  1850. 
Reports  of  T.  Telford,  1817-1819,  1820-1821,  1823-1826,  1828; 
J.  Rennie,  1837 ;  J.  Scott-Russell,  1838 ;  W.  A.  Provis,  1839 ; 
Stevenson,  1839  ;  H.  Robertson,  1849. 

The  Bibble,  although  a  small  river,  has  occupied  a  large 
amount  of  attention  during  the  last  few  years,  owing  to  the 
repeated  applications  which  the  Corporation  of  Preston  found  it 
necessary  to  make  to  Parliament  for  the  purpose  of  obtaining 
the  powers  and  for  raising  the  money  required  for  constructing 
a  large  dock,  and  for  training  and  dredging  the  river;  and  also 
to  the  unusual  course  which  was  pursued  of  holding  an  inquiry 
by  a  Commission  appointed  by  the  Board  of  Trade  under  powers 
specially  provided  by  a  Parliamentary  committee  as  to  works 
already  executed,  and  as  to  the  practicability  of  obtaining 
access  to  the  dock  from  the  sea  by  vessels  of  large  tonnage. 

The  Ribble  is  82  miles  in  length,  and  drains  about  880  square 
miles.    Its  source  is  at  Ribble  Head,  on  the  moors  in  the  Craven 
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district  of  Yorkshire,  at  an  elevation  of  about  979  feet  above 
the  sea.  It  has  several  smaU  tributaries,  which  join  it  in  its 
course  from  the  source  to  Preston.  The  soil  of  its  basin  is  chiefly 
limestone,  with  gravel  and  sand  at  the  lower  end.  The  tidal 
water  flows  to  Brockholes  Bridge  at  spring  tides,  about  5  miles 
above  Preston.  Here  it  is  stopped  by  a  natural  weir  of  rock 
running  across  the  bed  of  the  river.  The  tide  also  flows  up  the 
Douglas  and  the  Yarrow  for  about  7  milea  Below  Preston  the 
river  formerly  opened  out  into  an  estuary,  gradually  increasing 
from  ^  to  If  mile  in  width  at  Freckleton,  a  distance  of  3|  miles. 
This  portion  of  the  estuary  has  nearly  all  been  enclosed.  Below 
Freckleton  is  a  wide  sandy  estuary  extending  to  the  Irish 
Sea,  a  distance  of  13  miles  (see  Fig.  70).  Below  the  River 
Astland  the  estuary  was  originally  over  2  miles  wide,  but  it 
has  been  reduced  by  reclamation  to  f  mile.  At  the  lower  end, 
between  Southport  and  St.  Anne's,  the  estuary  widens  out  to 
8  miles,  the  increase  being  at  the  rate  of  about  4000  feet  in 
a  mile.  The  area  of  the  estuary  is  57  square  miles,  the  whole 
of  which  is  covered  with  sand.  These  sands  extend  out  into 
the  Irish  Sea  for  about  4  miles  beyond  the  coast-line,  where  a 
depth  of  from  3  to  4  fathoips  is  reached. 

The  Douglas  or  Astland  joins  the  Ribble  about  4  miles  below 
Preston. 

The  earliest  chart  that  gives  the  direction  of  the  channels 
through  the  estuary  is  one  published  in  1736.  The  navigable 
channel  at  2  miles  south-westward  of  the  Naze  is  shoMna  as 
varying  from  1^  to  3  feet  in  depth.  At  this  point  it  split  into 
two  branches,  a  north  channel  going  in  a  westerly  and  north- 
westerly direction  to  the  sea,  and  having  from  ^  to  4  fathoms 
at  the  lower  end.  This  was  again  split  into  two  channels,  one 
running  parallel  to  the  northern  shore,  and  the  other  rejoining 
the  central  channel.  The  Out  or  central  channel  was  hardly 
defined.  The  south  channel  left  the  central  channel  at  the  bifur- 
cation of  the  latter  with  the  north  channel,  and  took  a  south- 
westerly direction  past  Southport.  The  centre  of  its  waterway 
was  situated  1  mile  north-west  of  the  existing  site  of  the  Bog 
Hole.  The  depth  was  &om  2  to  4  fathoms  in  the  pools.  The 
central  and  south  channels  were  both  used  for  navigation. 

The  next  chart  is  that  of  Mackenzie,  dated  1761.  On  this 
soundings  are  only  shown  on  the  south  channel,  although  both 
the  Out  and  north  channel  are  clearly  defined.    The  maximum 
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soaDding  between  L3rtham  and  the  bar  oatside  Southport  is 
4  fatb<HUB,  the  depth  on  the  bar  being  3  feet  The  direction  of 
the  lower  end  of  the  channel  was  nearly  due  west. 


An  interval  of  sixty-three  years  elapsed  before  the  publication 
of  Brazier's  chart  in  1824.  In  this  chart  the  Gut  or  central 
channel  is  shown  as  the  only  navigable  channel  between  Lytham 
and  the  sea,  the  soundings  varying  from  about  J  to  1  fathom. 
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The  direction  of  its  seaward  reach  was  west  by  south.  The  south 
channel  had  become  broken  up  into  numerous  waterways  The 
Bog  Hole  had  become,  the  recipient  of  the  drainage  from  the 
Crossens  outfall,  but  had  lost  its  connection  with  the  Bibble 
water;  its  width  then  was  500  yards,  and  its  depth  21^  feet. 
The  north  channel  had  become  choked  up  with  sand,  which 
extended  above  low  water  from  the  Blackpool  shore  to  the  Gut 
channel. 

A  number  of  charts  prepared  by  Parker  for  the  use  of  the 
pilots  running  from  1822  to  1834  generally  show  two  navigable 
channels,  one  by  the  north  channel  and  the  other  by  Southport, 
the  latter  having  the  deeper  water.  After  1826  the  centrsd  or 
Out  channel  is  shown,  but  not  as  being  buoyed  out.  In  1823 
a  plan  of  the  estuary  was  made  by  Qiles,  which  also  shows  a  Gut 
or  central  channeL 

The  next  chart  is  that  of  Belcher,  of  1836.  The  north 
channel  is  shown  as  having  again  opened  out,  and  the  low- 
water  Gut  channel  to  have  disappeared,  and  the  south  channel 
as  having  a  wide  waterway  to  the  sea,  its  minimum  width  being 
500  yards,  and  its  minimum  depth  4  feet,  with  12  feet  on  the 
outer  bar.  The  north  channel  appears,  however,  to  have  been 
the  main  navigable  channel,  the  depth  varying  from  2  to  3^ 
fathoms.  The  direction  of  the  seaward  end  was  west-south- 
west. 

From  the  evidence  given  before  the  Tidal  Harbour  Com- 
missioners in  1845,  it  appears  that  there  was  then  a  depth  of 
from  4  to  5  feet  at  low-water  spring  tides  over  the  bar.  The 
Nelson  Buoy  was  then  reported  as  lying  in  7  fathoms,  the  same 
as  it  is  now.  The  main  navigable  channel  at  that  time  was  by 
the  north  channel  and  Oliver's  Heading ;  but  the  Gut  had  existed 
as  a  navigable  channel  before  this,  and  was  reported  then  9a 
improving.  The  chart  of  1850  shows  the  training  walls  below 
Preston.  The  depth  in  the  channel  at  high-water  spring  tides 
is  given  as  10  feet  for  the  first  2  miles,  and  13  feet  for  the  next 
2j^  miles.  Westward  of  the  Naze,  to  a  point  2  miles  below 
Lytham,  a  high-water  depth  of  from  21  to  27  feet  is  shown. 
The  Gut  channel  is  shown  as  having  improved,  and  the  Penfold 
channel  is  shown  as  running  in  a  west  by  south  direction  for 
2j^  miles,  and  as  having  the  deepest  soundings,  although  not  as 
the  navigable  channeL  The  north  channel  discharged  its  water 
by  Nix's  Hollow  or  Olivers   Heading.     Its  upper  end  was 
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inaccessible  at  low  water,  and  the  maximum  depth  was  At^ 
fathoms.  The  south  channel  is  shown  as  no  longer  having  any 
low-water  connection  with  the  Kibble.  The  Bog  Hole  bad 
shallowed  at  its  east  end,  but  the  depth  had  increased  to  a 
maximum  of  43  feet  and  a  minimum  of  19  feet,  with  a  width  of 
800  yards.  The  depth  over  the  bar  of  the  Out  channel  was 
3  feet  in  the  shoalest  place,  and  6  feet  over  the  remainder. 

From  the  next  chart,  that  of  Calver  of  1860,  the  Out  channel 
is  shown  as  the  main  navigable  and  buoyed  channel.  The 
depth  over  the  bar  had  then  a  minimum  depth  of  one  fathom. 
The  Fenfold  channel  had  extended  further  up,  and  deepened 
and  joined  the  Gut  channel.  The  north  channel  entered  the 
sea  by  Oliver's  Heading  in  a  south-west  direction,  and  there  was 
a  depth  of  7  feet  on  the  outer  bar,  and  only  3  feet  in  the  shoalest 
part  of  the  channel.  The  south  channel  had  entirely  disappeared. 
The  Bog  Hole  had  increased  its  depth  to  48  feet  over  a  diminished 
width  of  300  feet.  The  water  from  the  Crossens  outfall  had 
found  its  way  into  the  Fenfold  channel.  From  a  survey  made 
for  the  Board  of  Trade  Clommissioners  in  1890,  it  appears  that 
the  Gut  channel  shown  on  the  chart  of  1882  remains  in  the 
same  position,  with  soundings  of  from  1  to  19  feet.  The  Fenfold 
channel  had  maintained  its  former  position  with  greatly 
increased  depths.  Its  upper  end  had  become  shoaled  by  the 
deposit  of  dredgings.  The  junction  with  the  Crossens  channel 
had  become  enlarged.  Up  to  the  point  where  the  dredgings  had 
been  deposited  it  was  the  deepest  channel,  the  soundings  varying 
from  4  feet  to  4  fathoms.  The  north  channel  had  continued 
to  deteriorate,  the  sands  at  the  upper  end  having  risen  7  feet 
above  low  water.  At  the  lower  end  the  depth  varied  from  2  to 
11  feet,  the  channel  joining  the  sea  as  before  by  Nix's  Hollow. 
The  Bog  Hole  had  decreased  in  width  and  length,  but  the  depth 
had  increased  to  57  feet. 

The  positions  of  the  channels  in  this  estuary  have  been  given 
in  detail,  as  they  afford  an  illustration  of  the  fact  alluded  to  in 
a  previous  chapter,  of  the  ability  of  channels  in  sandy  estuaries 
to  maintain  their  position  when  undisturbed  by  artificial  causes. 
So  long  as  the  estuary  remained  in  its  natural  condition  there 
were  two  principal  channels,  one  on  each  side  of  it,  a  condition 
generally  in  operation  in  a  large,  wide  estuary.  When  the  shape 
was  altered,  by  the  enclosure  of  land  at  the  upper  part,  and  the 
estuary  brought  more  to  a  triangular    shape,  the  two    side 
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channels  began  gradually  to  give  place  to  a  central  channel,  and 
this  change  was  further  aided  by  the  training  of  the  river  for 
4^  miles  below  Preston,  and  by  the  concentration  of  a  larger 
volume  of  tidal  water  through  the  upper  channel. 

The  side  channel  on  the  south  has  for  some  years  past 
entirely  disappeared,  and  that  on  the  north  is  being  rapidly 
filled  up,  being  dry  for  a  great  length  at  low  water  at  its 
upper  end.  The  formation  of  the  central  channel  has  been 
hindered  by  the  deposit  of  dredgings  in  the  natural  and 
immediate  direction  in  which  it  was  working  into  the  main 
upper  channel.  Consequently,  at  present  it  is  split  into  two, 
but  both  of  these  are  better  for  navigation  than  either  of  the 
old  channels,  and  the  depth  of  water  taken  throughout  in 
the  Fenfold  or  southern  one  is  much  greater  than  in  either  of 
the  old  channels. 

The  reclamation  of  a  large  area  of  land,  and  consequent 
exclusion  of  tidal  water,  accompanied,  as  it  has  been,  by  an 
improvement  and  deepening  of  the  upper  reach  of  the  river,  has 
not,  then,  in  this  case  had  the  effect  of  injuring  the  navigable 
channel  or  of  lessening  the  depth  of  water  over  the  bar.  On 
the  contrary,  the  navigable  depth  throughout  the  lower  estuary 
is  now  greater  than  it  was  formerly,  and  the  depth  over  the  bar, 
which  at  one  time  was  only  3  feet  in  the  shoalest  place,  is  now 
6  feet  at  low  water  of  ordinary  spring  tides. 

The  Bog  Hole  also  affords  a  remarkable  example  of  a  blind 
channel  which  maintains  a  great  depth  solely  by  the  aid  of  the 
tidal  currents.  This  was  formerly  the  outfall  of  one  of  the 
principal  branches  of  the  Kibble  channel,  but  for  several  years 
all  connection  between  the  Bog  Hole  and  the  Ribble  has  ceased. 
Although  it  has  decreased  in  width,  its  depth  has  increased,  and 
it  has  new  9  fathoms  at  low  water. 

Before  the  first  improvements  were  made,  vessels  trading  to 
the  port  had  to  lie  at  Lytham  and  discharge  their  cargoes  into 
barges.  Floods  which  came  down  the  river  off  the  moors 
caused  very  heavy  freshets,  causing  the  water  to  rise  12  feet, 
and  running  at  the  rate  of  7  miles  an  hour.  The  bed  of  the 
river  was  14  feet  higher  at  Preston  than  at  Lytham,  a  rise  of 
16  inches  in  the  mile.  A  spring  tide  which  rose  14  feet  at 
Lytham  only  just  reached  Preston ;  after  the  upper  reach  of  the 
river  had  been  straightened  and  deepened,  a  spring  tide  which 
rose  19  feet  at  Lytham  rose  6  feet  at  Preston,  and  a  neap  tide 
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rising  14  feet  at  Lytham  did  not  reach  Preston.  Afl^  tiie 
removal  of  a  ridge  of  rock  which  ran  a<»x>8s  the  channel  below 
Preston,  and  the  construction  of  the  training  walls,  the  low- 
water  level  at  Preston  was  reduced  7  feet,  and  the  tidal  range 
increased  to  13  feet  at  spring  tides,  and  7  feet  at  neaps, 
fiJlowing  vessels  drawing  14  feet  to  reach  the  quays.  The 
propagation  of  the  tidal  wave  has  also  advanced  an  hour. 

The  works  recently  carried  out  have  still  further  depressed 
the  low  water,  making  a  total  increased  range  of  15  feet  6  inches 
at  Preston,  the  range  at  Lytham  having  increased  to  22  feet 
8  inches,  and  a  total  increase  in  the  advance  of  the  tide  at 
Preston  of  two  hours.  The  first  of  the  flood  of  a  spring  tide 
now  takes  2  hours  12  minutes  to  i^each  from  the  bar  to  Lytham, 
and  2  hours  from  Lytham  to  Preston,  or  at  the  rate  of  3^  miles 
an  hour  in  the  first  reach ;  3  hours  50  minutes  from  Lytham  to 
Freckleton ;  and  4  hours  50  minutes  from  Freckleton  to  Preston. 
High  water  is  34  minutes  later  at  Preston  than  at  the  bar,  a 
rate  of  propagation  of  28  miles  an  hour.  The  duration  of  the 
tide  at  Preston  is  2  hours  27  minutes,  and  at  Lytham  3  hours 
42  minutes.  This  is  more  clearly  shown  on  the  tidal  diagram, 
Fig.  71.  The  level  of  high  water  at  Preston  is  about  6  inches 
higher  than  at  the  bar*  The  inclination  of  the  low-water  line 
from  Preston  to  Freckleton  is  0*70  foot  per  mile;  from  Freck- 
leton to  Lytham,  0*82  foot ;  and  from  Lytham  to  the  bar,  0*50 
foot.  The  reverse  inclination,  of  the  tidal  line  at  half-flood,  is 
1*60  foot  per  mile  for  the  upper  reach,  0*94  foot  for  the  middle, 
and  0'70  for  the  lower,  diminishing  at  one  hour  before  high 
water  to  1'09  foot,  028  foot,  and  0-24  foot  in  the  mile. 

The  levels  of  high  and  low  water,  as  adopted  by  the  Board  of 
Trade  Commissioners,  are :  high  water  of  ordinary  spring  tides 
at  St.  Anne's,  13*63  feet  above  Ordnance  datum;  low-water 
spring  tides,  12*37  feet  below;  making  the  range  26  feet  At 
the  bar  the  range  is  1  foot  6  inches  greater  for  an  ordinary 
spring  tide.  Neap  tides,  8*16  feet  above  Ordnance  datum ;  low 
water,  6*84  feet  below ;  making  the  range  15  feet.  The  level  of 
the  dock  sill  is  14*12  feet  below  Ordnance  datum,  and  the  crest 
of  the  bar  19  feet  below. 

The  ordinary  fresh-water  daily  discharge  of  the  Ribble  is 
estimated  at  7,484,444  cubic  yards,  and  the  column  of  tidal 
water  passing  up  and  down  the  channel  at  73,713,366  cubic 
yards,  making  the  tidal  water  about  ten  times  as  great  as  the 
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fresh  water.     Of  the  tidal  water,  the  AsUand  contributes  about 
one-third  of  the  total  quantity. 

In  1806  an  Act  was  obtained  by  a  Company  of  Proprietors, 
with  power  to  improve  and  buoy  the  channel,  and  take  tolls. 
Under  their  directions  a  number  of  jetties  were  put  in  between 
the  Naze  and  Preston,  with  the  object  of  straightening  and 
deepening  the  river,  and  reclaiming  the  marsh  land  in  this  part 
of  the  estuary.  The  works  did  not  prove  a  success,  and  the 
Company  got  into  debt  to  the  extent  of  £4000.  A  new  company 
was  formed  in  1837,  with  a  capital  of  £22,000,  and  further 
powers  were  obtained  in  1853.  Under  Mr.  Stevenson's  direction, 
a  dam  of  sandstone  rock,  half  a  mile  below  Preston,  300  yards 
long,  which  rose  above  the  bed  of  the  river  from  3  to  5  feet,  and 
containing  30,000  cubic  yards,  was  removed  by  blasting  and 
dredging ;  800,000  tons  of  gravel  were  also  dredged,  and  7^  miles 
of  rubble  stone  training  walls  (including  both  sides)  put  in ;  the 
cost  of  these  works  being  £47,000.  Quay  walls  were  put  in  at 
Preston,  and  a  lighthouse  erected  at  St.  Anne's. 

The  rock  was  excavated  inside  a  cotfer  dam,  consisting  of 
two  rows  of  iron  rods  3  feet  apart,  jumped  15  inches  into  the 
sandstone  rock.  On  the  outside,  three  timber  walings  on  each 
side  were  fastened  to  the  iron  rods  by  bolts  passing  through  the 
dam,  and  the  inside  was  lined  with  planks,  the  space  between 
being  filled  with  clay  puddle.  The  dam  was  strutted  with 
raking  shores  on  the  inside.  The  maximum  head  against  the 
dam  was  16  feet;  the  depth  of  the  rock  excavated,  13  feet 
6  inches. 

The  training  walls  were  put  in,  having  their  top  about  4  feet 
above  the  then  low- water  mark,  and  300  feet  wide  at  the  top, 
increasing  to  370  feet  at  the  lower  end.  These  walls  only 
extended  as  far  as  the  Naze,  4^  miles  below  Preston.  Any 
further  extension  was  opposed  by  the  landowners  on  both  sides 
of  the  estuary,  on  the  ground  that  such  extension  might  have 
an  injurious  effect  in  diverting  the  water  from  the  southern 
course  across  the  sands,  and  so  ultimately  lead  to  the  silting  up 
of  Bog  Hole,  which  gives  the  only  water  in  front  of  Southport  at 
low  tide;  and  by  those  on  the  north  side,  on  the  ground  of 
injury  to  the  north  channeL 

The  effect  of  these  works  was  to  depress  the  low-water  level 
6  feet  8  inches  at  Preston,  and  advance  the  arrival  of  the  tide 
one  hour,  and,  by  thus  giving  a  greater  range  of  tide,  allowing 
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vessels  of  from  12  to  13  feet  draught  to  reach  the  quay  during 
spring  tides.  The  tonnage  of  the  port  did  not  by  any  means 
increase  in  proportion  to  that  of  the  size  of  the  town,  the 
tonnage  in  1882  being  returned  as  28,000  tons. 

In  1882  the  Corporation  of  Preston,  who  had  a  large  interest 
in  the  Navigation  Company,  obtained,  on  the  strength  of  a  report 
made  by  Sir  J.  Coode,  Parliamentary  powers  to  purchase  the 
whole  of  the  rights  of  the  Ribble  Navigation,  for  the  sum  of 
£72,500,  which  included  a  large  tract  of  reclaimed  land,  the 
navigation  rights  alone  being  put  at  £18,759.  They  were  also 
authorized  by  the  Act  to  construct  a  dock  of  36  acres  at  Preston, 
and  to  dredge  the  channel  between  Lytham  and  Preston,  so  as 
to  give  a  depth  up  to  the  dock  at  high-water  spring  tides 
sufficient  for  large  steamers;  and  to  extend  the  training  walls 
3j^  miles  further  into  the  estuary.  The  amount  authorized 
to  be  borrowed  for  these  works  was  £650,000.  Subsequently 
the  size  of  the  dock  was  increased  to  40  acres,  a  tidal  basin  of 
4f  acres  was  added,  and  the  sill  made  2  feet  6  inches  lower  than 
in  the  original  design.  It  was  also  intended  to  dredge  the  river 
18  inches  deeper  than  the  first  scheme.  These  additional  works 
added  to  the  original  estimate  a  further  sum  of  £510,000.  The 
sum  authorized  to  be  expended,  under  Acts  obtained  in  1888, 
1889,  and  1890,  was,  however,  only  £321,000. 

The  contract  for  the  dock,  river  diversion,  and  training  walls 
was  taken  by  Mr.  James  Walker  for  £456,000.  The  engineer 
for  the  Corporation  were  Messrs.  Qarlick  and  Sykes,  who  had 
previously  acted  for  the  Company  of  Proprietors.  Sir  John 
Coode  prepared  the  Parliamentaiy  plans,  and  supported  the 
scheme  in  Committee.  The  works  were  afterwards  taken  charge 
of  by  Mr.  Benjamin  Sykes,  and  were  carried  out  to  completion 
by  him,  the  dock  being  opened  in  1892. 

The  dredging  was  carried  out  by  the  Corporation  under  the 
direction  of  Mr.  Sykes.  Two  powerful  dredgers,  each  capable 
of  raising  300  tons  of  boulder  clay  an  hour,  with  barges  and 
tugs,  were  purchased  at  a  cost  of  £37,068  for  the  two  dredgers, 
and  £46,672  for  the  two  tugs  and  twelve  barges.  The  training 
wall  on  the  south  side  was  extended  to  about  a  mile  below 
Lytham,  the  stone  excavated  from  the  dock  being  used  for  the 
purpose.  The  north  wall  has  also  been  extended  to  some  dis- 
tance below  the  mouth  of  the  Astland.  The  top  of  the  old 
walls  was  made  15  feet  above  Ordnance  datum  at  Preston,  and 
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10  feet  at  the  Naze.  The  coDtmuation  of  the  walls  has  been 
carried  on,  commencing  at  the  same  height,  and  lowering  to  the 
level  of  Ordnance  datum  at  the  termination  below  Lytham. 
Low  water  of  spring  tides  is  3  feet  below  Ordnance  datum  at 
the  Naze,  and  10  feet  below  at  the  end  of  the  waUs ;  neap  tides 
are  8  feet  above  datum.  The  top  of  the  walls  is  thus  13  feet 
above  low  water  and  2  feet  above  neap  tide  level  at  the  Naze, 
and  10  feet  above  low  water  and  8  feet  below  neap  tide  level  at 
the  termination.  The  walls  are  300  feet  apart  at  the  top  near 
the  dock,  and  370  feet  at  the  Astland,  a  rate  of  divergence  of 
20  feet  in  a  mile.  Under  the  Act  of  1883,  it  was  intended  to 
dredge  the  river  down  to  the  level  of  the  dock  sill  as  then  shown. 
Subsequently  it  was  proposed  to  lower  it  2  feet  more,  so  as  to 
bring  it  to  the  level  of  the  sill  as  now  laid,  with  an  inclination  at 
the  rate  of  3  inches  in  the  mile,  the  width  at  the  bottom  to  be 
300  feet.  The  total  quantity  of  material  to  be  removed  was 
3,611,600  cubic  yards,  including  20,000  yards  of  rock,  and  1} 
millions  of  hard  marl  and  boulder  clay.  It  was  estimated  that 
two-thirds  of  the  sand  overlying  the  clay  and  between  the  high 
hard  ridges,  amounting  to  2|  million  yards,  would  scour  away 
a.s  the  clay  bars  were  removed.  The  cost  was  estimated  at 
£232,497,  or  about  12-87ei.  per  yard. 

The  dredging  was  commenced  at  the  increased  depth,  but 
the  line  has  since  been, raised  to  the  original  level  of  1883,  and 
the  width  diminished  to  200  feet. 

Very  considerable  opposition  having  arisen  as  to  the  large 
increase  of  expenditure  over  the  original  estimate,  and  state- 
ments having  been  made  that  when  the  dock  was  completed 
it  would  be  impossible  to  maintain  a  navigable  waterway  to  the 
sea  of  sufficient  depth  for  large  steamers,  ^e  matter,  after  being 
fought  out  before  the  Parliamentary  Committees  of  three  sessions, 
was  finally  referred  for  report  to  a  Commission  appointed  by 
the  Board  of  Trade,  consisting  of  Sir  George  Nares,  Sir  Charles 
Hartley,  and  Mr.  Wolfe  Barry,  The  main  question  in  dispute 
was  as  to  the  practicability  of  maintaining  a  deep-water  channel 
from  Preston  to  the  sea,  this  being  further  complicated  by  con- 
flicting opinions  as  to  which  of  the  three  existing  courses  should 
be  adopted  as  the  navigable  channel.  Sir  John  Coode,  when  he 
prepared  the  original  Parliamentary  plans,  selected  the  central 
or  Out  channel  as  the  course  to  be  improved.  Subsequently  Mr. 
James  Abemethy,  who  was  called  to  advise  as  between  the 
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Corporation  and  their  opponents,  advised  the  adoption  of  the 
north  channel,  following  the  line  of  the  present  channel  past 
St.  Anne's,  but,  instead  of  joining  the  Irish  Sea  by  means  of 
Oliver's  Heading,  continuing  in  a  north-westerly  direction 
through  the  Crusader  Bank  past  South  Shore  and  Blackpool. 
The  Corporation  of  Southp<»rt  contended  for  the  opening  out 
of  the  channel  which  formerly  ran  on  the  south  side  of  the 
estuary  and  joined  the  Irish  Sea  through  the  deep  gut  known 
as  the  Bog  Hole.  Their  contention  was  supported  by  Mr. 
Yemon-Harcourt ;  the  central  or  Out  channel  was  supported 
by  the  local  engineers,  Messrs.  Qarlick  and  Sykes,  Mr.  Alfred 
Qiles,  Sir  James  Brunlees,  Sir  A.  Rendel,  Mr.  Deas,  the  engineer 
of  the  Clyde,  the  late  Mr.  J.  Fowler,  the  engineer  of  the  Tees, 
and  the  author.  It  was  contended  by  the  engineers  advising  the 
Corporation  that  a  careful  study  of  the  natural  causes  operating 
in  the  estuary  showed  that,  while  this  channel  had  for  many 
years  past  been  improving,  the  other  channels  had  been 
deteriorating — it  was  therefore  fair  to  conclude  that  it  would 
be  easier  to  maintain  deep  water  along  this  course;  that  the. 
approach  from  the  sea  into  a  north  channel  so  near  a  lee  shore 
as  designed  by  Mr.  Abemethy  would  be  very  dangerous,  vessels 
entering  being  exposed  to  a  beam  wind  during  heavy  gales  from 
the  south-west,  the  prevailing  wind  on  the  coast;  that  the 
outfall  would  require  a  large  amount  of  dredging  to  give  suffi- 
cient depth,  a  slow  and  difficult  operation  in  such  an  exposed 
situation;  that  when  made  it  would  be  difficult  to  maintain 
deep  water  there,  as  its  direction  was  opposed  to  the  natural 
set  of  the  currents;  that  the  tide  on  this  part  of  the  coast, 
coming  from  the  south-west,  sets  directly  into  the  estuary  of  the 
nibble,  and  the  several  outfalls  of  the  chajmels  all  trend  in  that 
direction,  or  nearly  opposite  to  that  selected  for  the  outfall  of 
the  north  channel;  that  the  littoral  drift  of  sand  and  shingle 
has  a  tendency  to  accumulate  in  the  direction  of  the  strongest 
gales  and  the  set  of  the  tides,  and,  being  here  stopped  by  the 
coast-line,  would  tend  to  drift  into  and  form  across  the  mouth 
of  this  north  channel ;  that  the  north  channel  from  Lytham  to 
St.  Anne's  had  also  been  shoaling  for  several  years,  the  depth 
having  diminished  from  6  and  7  fathoms  to  2 ;  and  that  it  would 
be  dependent  solely  on  the  scour  obtainable  from  only  one  side 
of  the  estuary.  The  advantages  claimed  for  the  north  channel 
were,  that  it  would  be  sheltered  on  the  north  and  east  sides 
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for  part  of  its  length  by  the  St.  Anne's  shore,  and  to  about  half- 
tide  level  on  the  seaward  side  by  the  Salthouse  bank ;  that  for 
a  length  of  2^  miles  only  one  training  wall  would  be  required ; 
that  the  substratum  would  be  more  favourable  to  the  construc- 
tion of  the  training  walls.  The  south  channel  having  become 
entirely  silted  up,  it  was  contended  that  the  expense  of  reopen- 
ing it  would  be  very  great,  and  that  the  cost  of  making  and 
maintaining  the  walls  would  be  very  costly,  without  any  corre- 
sponding advantage  except  a  problematical  one  to  Southport 
This  Corporation,  also,  were  not  prepared  to  contribute  towards 
the  extra  cost  of  taking  the  channel  in  this  direction. 

The  Commissioners  appointed  by  the  Board  of  Trade  in  1888 
made  an  interim  report  in  1889,  and  their  final  report  in  1891. 
The  conclusions  at  which  they  arrived  may  be  thus  summarized. 
After  dealing  with  the  advantages  and  disadvantages  of  the 
north  channel,  they  point  out  that  if  such   a  channel   were 
carried  out,  the  direction  would  have  to  be  in  a  more  westerly 
direction  than  that  laid  down  by  Mr.  Abemethy;  that  this 
would  involve  double  training  walls  and  the  extension  to  deep 
water,  the  channel  to  follow  a  curve  of  6  miles  radius  from  %\ 
to  13  miles  below  Preston,  and  thence  a  curve  of  double  that 
radius  to  the  sea,  the  width  of  the  navigable  channel  below 
Lytham  to  be  450  feet,  and  the  width  between  the  walls  800 
feet  at  Lytham  and  1850  feet  at  the  sea  entrance,  the  widening 
out  being  calculated  at  the  rate  of  150  feet  per  mile.    Taking 
into  consideration,  therefore,  the  cost  and  the  serious  draw- 
backs inherent  to  this  channel,  they  came  to  the  conclusion 
that  they  could  not  recommend  the  adoption  of  a  waterway 
along  the  north  shore.    Three  alternate  schemes  for  forming  a 
south  channel  were  considered,  the  difference  being  in  the  point 
where  the  new  channel  should  leave  the  present  training  walls. 
The  one  to  which  attention  was  specially  directed  was  a  channel 
leaving  the  present  course  at  the  eighth  mile  below  Preston, 
with  a  curve  of  6  miles  in  length  and  4  miles  radius  extending 
to  the  Bog  Hole,  involving  a  curve  of  contrary  flexure  at  the 
Bog  Hole,  having  a  radius  of  only  }  of  a  mile,  and  requiring 
the  extension  of  the  wall  below  Southport  in  order  to  keep  the 
channel  in  its  place.    The  advantages  due  to  this  course  were 
that  the  sea  outlet  is  more  stable  than  either  the  Gut  or  north 
channel ;  that  the  outer  portion  of  the  channel,  4  miles  in  length, 
is  maintained  by  natural  means;   that  there  is  deep  water 


EXAMPLES   OF  RIVER  IMPROVEMENT.  397 

anchorage  in  Bog  Hole.  The  disadvantages:  that  t^e  course 
from  Preston  to  the  sea  would  be  3  miles  longer  than  by  the 
central  channel;  that  the  sharp  curve  at  the  junction  with 
the  Bog  Hole  was  very  objectionable;  the  difficulty  of  con- 
structing and  maintaining  training  walls  across  the  set  of  the 
tides  in  the  estuary,  and  the  necessity  of  raising  the  wall  on 
the  upper  side  above  high-water  mark,  to  prevent  the  tides 
setting  across  the  channel  and  encouraging  the  deposit  of  sand ; 
the  greater  depth  at  which  the  hard  material  lies  below  the 
surface,  involving  a  greater  cost  in  construction  of  the  walls; 
and  the  great  cost  of  constructing  and  maintaining  the  walls, 
and  also  of  dredging  out  a  new  channel  In  the  opinion  of  the 
Commissioners,  the  objections  so  far  outweighed  the  advantages 
that  they  were  unable  to  recommend  the  adoption  of  this 
course. 

They  therefore  advised  the  central  course  by  the  Gut  channel 
as  the  one  to  be  adopted.  They  further  advised  that  the  two 
training  walls  should  be  extended  from  Lytham  to  the  fourteenth 
mile  below  Preston,  the  distance  between  the  walls  at  the  ninth 
mile  to  be  800  feet,  widening  to  1550  feet  at  the  fourteenth 
mile,  or  at  the  rate  of  150  feet  per  mile.  The  estimated  cost  of 
this  work  was  put  at  £220,000,  including  the  removal  by 
dredging  of  such  of  the  material  as  was  not  taken  away  by 
scour.  The  depth  of  water  when  this  work  was  completed  was 
estimated  at  26j^  feet  at  ordinary  high  water  of  spring  tides  at 
the  fourteenth  mile,  or  3  feet  piore  than  at  the  present  time. 
This  was  advised  only  as  a  tentative  proceeding,  the  full  exten- 
sion of  the  walls  out  beyond  the  bar  being  contemplated  as  a 
work  to  be  carried  out  at  some  future  time.  The  cost  of  this 
lower  portion  of  the  work,  owing  to  its  exposed  position,  would 
be  very  heavy,  being  estimated  at  £372,000. 

The  Gut  channel  was  probably  selected  by  the  Commis- 
sioners as  being  the  present  buoyed  and  navigable  course,  and 
as  being  in  the  direction  contemplated  by  Sir  John  Coode  when 
he  laid  out  the  line  of  the  training  walls.  The  Penfold  channel 
has,  however,  the  deeper  water,  and  its  direction  seems  to 
coincide  more  with  the  natural  set  of  the  tidal  currents,  and, 
having  a  slightly  curved  form,  it  appears  to  be  in  a  better  form 
to  maintain  permanently  deep  water  than  the  straight  course  of 
the  Gut.  If  the  few  shoals  of  sand  between  the  deep  pools 
along  the  Penfold  were  opened  out^  and  the  obstruction  at  the 
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top  end  removed,  there  is  every  reason  to  suppose  that  a  good 
navigable  channel  could  be  opened  out  and  maintained  along 
this  course  with  a  comparatively  small  amount  of  sand-pump 
dredging,  and  without  the  aid  of  training  walls* 

As  the  Corporation  failed  to  obtain  the  necessary  powers  and 
money  to  deepen  the  river  to  the  increased  depth  to  which  the 
sill  of  the  dock  was  laid,  the  bed  of  the  river,  when  the  present 
works  are  completed,  will  be  3  feet  above  the  sill,  and,  as  the 
material  of  which  the  upper  part  of  the  channel  is  composed  is 
hard  boulder  clay,  there  is  no  chance  of  any  improvement  by 
scour.  The  depth  of  the  river  when  the  present  works  are 
completed  will  be  5  feet  less  than  was  contemplated  when  the 
Act  of  1883  was  obtained.  To  extend  the  training  walls  to  the 
fourteenth  mile  will  also  require  further  Parliamentary  powers. 

The  present  available  depth  from  the  dock  to  the  bar  is  22^ 
feet  at  ordinary  spring  tides,  and  12}  at  neap  tides. 

The  channel  is  lighted  with  gas-buoys,  the  outer  or  Nelson 
buoy  being  made  an  occulting  light. 

Report  and  Evidence  of  the  Tidal  Harbour  Commission, 
1847.  Reports  of  Captain  Belcher,  1836;  R  Stevenson  and 
Son,  March  and  May,  1837 ;  Bell  and  MiUer.  1866 ;  Sir  J.  Coode, 
1882 ;  J.  Abemethy,  1888.  Report  of  the  Ribble  Navigation 
Commission  to  the  Board  of  Trade,  1891  (including  the  interim 
report). 

The  WithauL — The  Witham  has  been  selected  as  an  example 
of  a  tidal  river  that  has  been  improved  and  trained  by  means 
of  fascine-work,  and  also  on  account  of  the  disturbance  of  its 
tidal  conditions  by  the  erection  of  a  sluice  across  it. 

The  Witham  Ls  89  miles  in  length,  and  drains  1063  square 
miles.  The  tidal  flow  only  extends  to  Boston  (see  Fig.  72), 
about  8  miles  above  the  outfalL  The  tide  flows  here  from  %\ 
to  3  hours,  and  springs  rise  about  20  feet  at  Boston  and  22  feet 
at  the  outfall.  The  river  above  the  tidal  portion  is  canalized 
to  Lincoln,  whence  it  joins  the  Trent  by  means  of  the  Fosdyke 
Canal.  This  river  at  one  time  held  an  important  place  in  the 
navigation  of  the  country,  when  the  chief  over-sea  trade  was 
with  the  Netherlands,  and  Boston,  with  other  ports  on  the  East 
Coast,  were  the  chief  places  of  export  and  import. 

In  the  middle  of  the  last  century  the  landowners,  in  order  to 
reclaim  a  large  tract  of  fenland  lying  between  Boston  and  Lincoln, 
obtained  an  Act  of  Parliament  empowering  them  to  straighten 
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and  improve  the  river  above  BoBtoo,  and  at  the  same  time  to 
erect  across  it  a  large  sluice  with  self-acting  doors,  which  closed 
on  the  flood  tide,  and  opened  again  as  it  receded  to  dischai^e 
the  land  water.  By  this,  means  the  flow  of  the  tide  was  entirely 
stopped  at  this  point  The  rise  of  a  spring  tide  above  the  sill 
cf  this  sluice  is  16J  feet    The  portion  of  the  river  below  the 


town  pursued  a  very  winding  course  between  salt  marshes,  and 
at  the  lower  end  through  a  large  bed  of  silt  and  sand,  where  it 
was  joined  by  the  Welland,  and  with  it,  after  a  devious  and 
uncertain  course,  reached  the  deep  water  of  the  estuary. 

The  river  below  Boston  is  under  the  jurisdiction  of  the  Cor- 
poration of  Boston,  under  a  charter  granted  in  Queen  Elizabeth's 
reign. 

In  the  end  of  the  last  century  Captain  Ruddart  was  con- 
sulted as  to  the  best  means  of  improving  this  channel  for  the 
navigation,  and  advised  its  diversion  by  a  new  cut  at  the  lower 
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end,  80  as  to  avoid  the  shifting  sands.  Subsequently  Mr.  Rennie 
reported  more  fully,  and  advised  the  straightening  and  im- 
proving the  whole  of  the  channel  from  Boston  to  the  sea ;  and 
also  recommended  a  new  out&ll,  much  on  the  same  lines  as 
proposed  by  Captain  Huddart.  Subsequently  the  Corporation 
obtained  the  necessary  power  from  Parliament  to  carry  out  the 
works,  except  the  new  cut  The  river  was  straightened  by 
training  it  with  fascine-work  through  the  salt  marshes,  two 
short  cuts  being  made  through  old  land  where  the  soil  was  day. 
The  fascine-work  was  executed  by  Mr.  Beasley,  who  carried  out 
similar  training  works  in  the  adjoining  river  Welland,  this 
being  the  first  example  of  this  kind  of  training  carried  out  in 
this  country.  The  material  of  which  the  marshes  was  composed 
was  entirely  alluvial  matter  which  had  been  brought  down  the 
river  in  floods,  and  was  easily  scoured  away  by  the  current.  No 
dredging  was  therefore  employed  to  excavate  the  ground  along 
the  new  course  of  the  channel,  but  it  was  entirely  removed  by 
scour  as  the  work  progressed.  The  method  of  proceeding  was 
as  follows :  The  line  of  the  new  channel  was  set  out^  com- 
mencing at  the  existing  channel,  and  proceeding  in  a  direct  line 
across  the  marshes  to  where  the  channel  again  crossed  at  the 
next  bend,  the  largest  interval  between  the  bends  being  about 
one  mile.  The  f ascin^work  was  commenced  at  the  upper  end, 
at  the  concave  bank  of  the  old  channel,  working  out  towards 
the  channel.  As  soon  as  the  contraction  began  to  be  felt,  the 
material,  being  silt,  scoured  away  from  the  opposite  or  convex 
side  very  rapidly.  The  fascine  wall  on  the  other  side  was  then 
commenced,  and  gradually  pushed  on ;  and  so  both  sides  were 
continued  until  a  new  channel  was  scoured  out  along  the 
intended  line.  The  fascine-work  consisted  of  thorn  fSaggots, 
about  6  feet  long  and  3  feet  girth,  the  brush  being  all  placed 
at  one  end.  They  were  laid  overlapping  each  other  at  right 
angles  to  the  channel,  with  a  batter  of  about  ^  to  1.  On  each 
layer  of  fascines  was  placed  a  layer  of  sods  obtained  off  the 
marsh.  The  work  was  carried  up  to  half-tide  level  The  cost 
of  this  fascine-work  was  about  £21,500 ;  and  of  the  cuts  through 
the  old  land  and  other  works  of  improvement,  £21,000.  TWs 
straightening  of  the  river  extended  as  far  as  a  place  called 
Hobhole,  about  three  miles,  beyond  which  the  channel  still  con- 
tinued to  work  its  way  through  the  sanda  The  river  was  very 
greatly  improved  by  these  works,  and   made    navigable  for 
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vessels  of  300  tons.    Larger  vessels  remained  in  the  roadstead, 
and  discharged  into  Ughters. 

The  course  of  the  channel  through  the  sands  was  very 
devious,  continually  altering  as  the  upland  or  tidal  water  had 
the  greater  influence,  heavy  freshets  frequently  causing  a  new 
direction  to  be  taken.  During  this  process  an  enormous  mass 
of  sand  and  silt  was  turned  over,  the  sides  of  the  channel  in 
places  fomxing  a  steep  10  or  12  feet  high,  large  masses  of  silt 
continually  falling  down  into  the  channel.  When  the  winter 
rains  had  ceased,  the  flood  tide  again  began  to  assume  the 
mastery,  and  to  seek  its  old  course,  repeating  the  process. 
During  this  operation  the  river  became  charged  with  the  dis- 
turbed silt,  and  carried  it  up  with  it  partly  in  suspension,  but 
chiefly  by  driving  it  up  along  the  bottom  of  the  channel  in  a 
state  of  semi-flotation.  When  the  tide  was  checked  at  the 
Grand  Sluice  it  rebounded,  meeting  the  succeeding  wave  and 
causing  an  eddy  and  slack  water.  After  high  tide  the  water 
gradually  subsided  there,  owing  to  there  being  no  run  of  ebb. 
There  being  no  downward  current  at  the  upper  end  to  carry 
the  silt  back,  it  remained  behind,  and  gradually  accumulated, 
the  quantity  ultimately  deposited  depending  on  the  amount  of 
rain  and  the  quantity  of  fresh  water  coming  down  the  river. 
In  very  dry  seasons  the  river-bed  became  raised  as  much  as 
11  feet  at  the  Grand  Sluice,  gradually  tailing  off,  but  raising 
the  bed  of  the  river  the  whole  way  down.  Under  such  circum- 
stances neap  tides  could  barely  reach  the  quays,  and  the 
navigation  was  seriously  impeded.  With  continued  heavy 
winter  freshets,  the  whole  channel  would  be  scoured  out  down 
to  the  hard  clay ;  but  as  the  upper  part  of  the  river  improved 
the  lower  part  became  worse,  owing  to  the  consequent  shifting 
of  the  channel  through  the  sanda  The  author  calculated  that 
the  quantity  of  silt  Uius  brought  into  and  scoured  out  of  the 
river  in  one  season  amounted  to  over  1^  million  tons. 

The  question  of  improving  the  outfall  continued  to  occupy 
the  attention  of  both  the  harbour  and  drainage  authorities 
from  time  to  time,  and  reports  were  obtained  from  several 
engineers.  The  general  tenor  of  these  reports  was  to  the  efiect 
that  the  obstruction  of  the  tidal  flow  by  the  Grand  Sluice  was 
detrimental  to  the  outfall  of  the  river,  and  advising  the  con- 
struction of  a  new  cut  at  the  lower  end,  so  as  to  avoid  the 
sands. 

2  D 
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In  1837  Sir  John  Rennie,  in  accordance  with  instructions 
received  from  a  meeting  of  landowners  and  others  interested 
in  the  fen  rivers,  brought  forward  a  scheme  for  training  by 
fascine- work  the  Ouse,  the  Nene>  the  Welland,  and  the  Witham 
in  one  common  outfall  in  the  centre  of  the  Wash,  and  the  en- 
closure of  150,000  acres  of  land.  At  a  meeting  held  in  London, 
of  which  Lord  George  Bentinck  was  chairman,  it  was  decided 
that  it  was  desirable  that  this  scheme  should  be  carried  out, 
but  that,  as  the  cost  of  its  execution  exceeded  the  means  of 
private  individuals,  it  ought  to  receive  the  consideration  and 
support  of  the  Government  as  a  national  object  Subsequently 
the  scheme  was  partially  revived,  and  the  Lincolnshire  Estuary 
Company  obtained  Parliamentary  powers  to  train  the  Witham 
and  the  Welland  to  Boston  Deeps,  and  to  enclose  30,000  acres 
of  land.  The  scheme,  however,  was  found  impracticable,  and  the 
powers  obtained  were  allowed  to  lapse. 

In  1860  the  Drainage  Commissioners  obtained  a  report  from 
their  engineer,  Mr.  W.  Lewin,  as  to  the  best  means  of  obtaining 
relief  from  the  flooded  condition  of  the  lower  lands  in  wet 
seasons.  Mr.  Lewin  advised  that  no  permanent  improvement 
could  be  obtained  unless  the  outfall  of  the  river  was  improved, 
and  advised  the  carrying  out  of  Mr.  Rennie's  scheme  for  making 
a  new  cut  across  the  marshes  to  Clayhole,  giving  details  and 
estimates  of  the  proposed  work.  Subsequently  Sir  John  Hawk- 
shaw  was  consulted  by  both  the  Harbour  Commissioners  and 
Drainage  Trustees,  and  he  endorsed  Mr.  Lewin's  recommendations. 
The  difficulty  of  deciding  as  to  the  proportion  of  taxation  to  be 
imposed  on  the  lands  to  be  benefited,  and  the  amount  to  be 
found  by  the  different  trusts  interested,  prevented  any  action 
being  taken. 

The  Harbour  Commissioners  then  instructed  the  author  to 
advise  as  to  whether  the  channel  could  not  be  improved  for 
navigation  at  a  cost  within  the  resources  of  the  Corporation. 
Accordingly,  in  a  report  dated  October,  1870,  the  author  advised 
the  fixing  the  channel  in  one  position  by  continuing  the  fascine 
training  from  Hobhole  to  Clayhole,  a  distance  of  3^  miles,  and 
the  removal  by  dredging  of  the  hard  shoals,  leaving  the  silt 
to  be  removed  by  scour,  as  had  been  done  in  the  upper  part  of 
the  river.  The  estimated  cost  of  this  scheme  was  £21,000. 
The  advantage  of  this  irairmtg  of  the  natv/raZ  channel  over  a 
direct  cut  was  that,  instead  of  carrying  the  Witham  away  from 
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the  Welland,  the  two  rivers  would  continue  to  be  united,  and 
jointly  assist  in  maintaining  a  common  outfall ;  and  that  it  could 
have  been  carried  out  without  obtaining  additional  Parlia- 
mentary powers.  The  disadvantage  was  that  the  length  of  the 
course  from  Hobhole  to  Clayhole  would  be  \\  mile  longer  than 
by  the  proposed  cut  As,  however,  a  greater  width  of  channel 
was  to  be  given  than  by  the  proposed  cut,  the  discharging  power 
in  times  of  flood  would  have  been  greater,  and  the  fall  in  the 
surface  less.  The  level  at  Hobhole  in  both  cases  would  there- 
fore have  been  practically  the  same. 

The  Harbour  Commissioners  approved  the  scheme^  and 
expressed  their  willingness  to  carry  it  out  if  the  drainage 
authorities  would  contribute  a  fair  sum  towards  the  cost. 

A  long  succession  of  wet  Bea.sons  finally  brought  matters  to  a 
crisis.  At  a  meeting  of  representatives  of  all  the  Trusts  interested 
it  was  finally  determined  to  proceed  with  the  improvement  of 
the  river.  The  two  schemes  were  submitted,  and  it  was  decided 
to  proceed  with  the  larger  one.  The  details  of  the  scheme  were 
settled  by  the  two  engineers  representing  the  principal  Drainage 
Trusts  and  by  the  author  on  behalf  of  the  Harbour  Trustees. 
The  contribution  of  the  latter  was  fixed  by  the  representatives 
of  the  Trusts  at  a  moiety  of  the  cost  of  the  training  which  the 
Harbour  Trustees  had  been  willing  to  carry  out.  Powers  were 
obtained  from  Parliament  in  1880  constituting  an  Outfall  Board 
representing  the  dificrent  Trusts,  and  for  carrying  out  the  work ; 
for  raising  £150,000,  the  estimated  cost ;  and  for  taxing  the  lands 
benefited  for  paying  the  interest  on  the  outlay  and  the  sinking 
fund.  The  bill  was  opposed  by  the  Commissioners  of  the  river 
Welland,  on  the  ground  that  the  separation  of  the  rivers  would 
be  injurious  to  their  outfalL  The  objection  was  met  by  the 
insertion  of  a  clause  by  which  the  Outfall  Board  undertook  to 
-contribute  towards  the  cost  of  training  the  Welland  from  the 
old  junction  to  the  outfall  of  the  new  cut,  if  required  to  do  so. 

The  carrying  out  of  the  work  was  placed  in  the  hands  of 
Mr.  J.  E.  Williams,  the  engineer  of  the  Witham  Commissioners, 
the  largest  contributing  body,  the  author,  as  representing  the 
Harbour  Commissioners,  and  Mr.  James  Lancaster,  the  engineer 
of  the  other  contributing  Drainage  Trust,  being  associated  with 
him. 

The  new  channel  consists  of  a  cut  made  across  the  enclosed 
marshes  1  mile  in  length,  and  across  the  open  marshes  for 
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\\  mile.  The  old  channel  abave  this  was  dredged  by  the  Out- 
fall  Board  to  a  depth  sufficient  for  drainage  purposes,  and  was 
subsequently  deepened  by  the  Harbour  Trust  to  the  level  of  the 
sill  of  Boston  Dock. 

The  channel  is  curvilinear  in  plan,  having  a  radius  of  8500 
feet.  The  average  bottom  width  is  100  feet  at  the  upper  end, 
and  130  feet  at  the  lower,  with  slopes  of  4^  to  1,  and  a  foreland 
or  berm  60  feet  wide.  This  small  rate  of  increase  was  given  to 
the  channel  in  consideration  of  the  short  distance  of  the  tidal 
run ;  but  the  current  is  greater  than  is  desirable,  and  the  banks, 
except  where  they  consist  of  clay,  have  had  to  be  protected  with 
fascine-work,  partly  on  account  of  the  current,  and  also  from  the 
effect  of  the  wash  caused  by  the  steamboats.  The  depth  of 
the  water  in  the  channel  at  Ciayhole  is  27^  feet  at  high  water 
of  spring  tides,  and  20^  feet  at  neap  tides.  The  excavation 
through  the  enclosed  land  was  23  feet  deep  and  300  feet  wide  at 
ground  level,  the  soil  consisting  of  silt  and  day,  and  hard  boulder 
clay  at  the  bottom.  The  total  quantity  of  excavation  was 
two  miUion  cubic  yards,  which  was  effected  by  three  steam- 
excavators,  which  advanced  nearly  abreast,  the  spoil  being 
deposited  on  banks  run  out  at  the  lower  end  of  the  channel. 
The  contract  for  the  work  was  taken  by  Mr.  James  Monk  for 
£96,052,  the  price  for  the  excavation  as  measured  from  the 
sections  being  Is,  per  cubic  yard,  which  included  the  construc- 
tion of  a  bank  across  the  old  channel  and  a  considerable  amount 
of  dredging  at  the  lower  end. 

Since  the  new  outfall  has  been  completed  the  silting  up  of 
the  channel  has  ceased,  and  the  river  is  now  navigable  for  vessels 
of  2000  tons  at  spring  tides.  The  advantage  to  the  drainage 
has  been  the  depression  of  the  low- water  level  6  feet  6  inches  at 
the  lowest  outfall  sluice,  and  4  feet  at  the  Grand  Sluice  and 
Black  Sluice. 

The  improvement  of  the  river  enabling  a  much  larger  class 
of  vessels  to  navigate  it,  the  Corporation  of  Boston  obtsdned  an 
Act  in  1881  giving  them  power  to  construct  a  wet  dock  near  the 
town,  and  the  works  were  carried  out,  from  plans  prepared  by 
the  author  and  under  his  direction,  Mr.  James  Abemethy  acting 
as  consulting  engineer,  by  Mr.  W.  Rigby  as  contractor,  at  a  cost 
for  the  dock,  hydraulic  machinery,  and  warehouses  of  about 
£150,000. 

Reports    on    Boston    Haven,  Captain    Huddart,    1793;   J. 
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Rennie,  1800,  1822,  1823;  T.  Telford,  1823;  J.  Rennie,  1841; 
W.  Lewin,  1860;  J.  Hawkshaw,  1864;  W.  H.  Wheeler,  1870. 
"  Description  of  the  River  Witbam  and  its  Estuary,"  W.  H, 
Wheeler,  Mem.  Proc.  Inst.  G.E.,  voL  xxviil;  "The  Conservancy 
of  Rivers  in  the  Eastern  Midland  District  of  England,"  W.  H. 
Wheeler,  vol.  Ixvii. ;  "  The  Witham  New  Outfall  Channel  and 
Improvement  Works,"  J.  E.  Williams,  vol.  xev. 

The  B«i]i6. — The  Seine  affords  a  striking  instance  of  the 
advantage  to  be  obtained  in  a  tidal  river  by  works  confined  to 
the  regulation  and  training  of  the  channel    The  improvements 


which  have  been  effected  in  this  river  are  the  result  almost 
entirely  of  training  and  the  consequent  scour.  Dredging  has 
been  used  to  a  very  limited  extent,  for  the  purpose  of  removing 
a  few  hard  sboals  sad  deepening  the  harbour  at  Rouen. 

Rouen  is  situated  76  miles  from  the  sea  by  the  course  of  the 
river  (see  Fig.  73).  Forty  years  ago  the  navigation  to  this  port 
was  restricted  to  vessels  of  200  tons,  drawing  about  10  feet  of 
water.    For  about  half  the  course  the  channel  was  shallow  and 
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shifting,  winding  through  an  estuary  encumbered  with  shoals 
on  which  there  was  not  more  than  10  feet  at  high  water^  and  on 
some  less  than  2  feet  at  low  water ;  the  rest  of  the  course  was 
through  a  fixed  channel  The  depth  at  Rouen  at  low  water  was 
only  about  ^\  feet.  Since  the  tmining  works  have  been  com- 
pleted, the  navigable  depth  up  to  Rouen  has  been  increased  to 
17^  feet  at  neap  tides,  and  20^  feet  at  ordinary  spring  tides. 
Twenty  years  ago  the  area  of  the  maritime  basin  of  the  port  of 
Rouen  was  limited  to  37  acres,  and  the  length  of  quays  did  not 
exceed  2187  yards.  In  the  centre  of  the  river  the  depth  of  low 
water  reached  19  feet,  but  nowhere  alongside  the  quays  was  it 
more  than  13  feet.  Although  the  training  walls  were  then  nearly 
completed,  and  the  increa.sed  scouring  force  was  rapidly  deepen- 
ing the  river-bed,  there  were  at  many  points  shoals  which 
formed  serious  obstructions  to  its  navigation.  At  the  present 
day  the  area  of  the  port  has  been  increased  to  59^  acres,  over 
which  the  depth  at  low  water  in  parts  reaches  32*80  feet,  and 
nowhere  is  less  than  19  feet  alongside  the  quaya  The  low-water 
depth,  formerly  13  feet,  now  varies  from  19  feet  to  22'58  feet. 
The  length  of  quays  has  been  increased  to  5337  yards.  In  1891 
2130  vessels  entered  the  port,  of  which  80  were  of  19*66  feet 
draught  and  above,  and  455  between  19*66  feet  and  16'42  feet 
draught.  The  largest  vessel  which  has  entered  the  port  carried 
a  cargo  of  3600  tons.  The  total  tonnage  entering  the  port  was 
1,763,131  tons.  A  larger  number  of  British  ships  now  enter  the 
port  of  Rouen  than  that  of  Bordeaux.  The  canalized  portion 
of  the  Seine  between  Rouen  and  Paris  has  had  the  water  deep- 
ened, so  that  barges  carrying  from  800  to  1000  tons  are  now  able 
to  reach  Paris,  and  steamers  of  300  tons  burden  trade  regularly 
between  London  and  that  city. 

The  immense  advantage  to  the  commerce  of  France  in  having 
ocean-going  steamers  penetrating  fifty  miles  into  the  interior  of 
the  country,  and  communicating  with  Paris  and  a  very  large  area 
of  country  beyond  by  means  of  the  canals,  is  due  to  engineering 
skill  applied  in  regulating  and  training  a  tidal  river  and  develop- 
ing its  natural  resources. 

The  Seine  is  480  miles  long,  and  drains  30,370  square  miles 
of  country.  It  is  navigable  for  350  miles  from  its  mouth.  In 
its  natural  condition  the  tide  fiowed  as  far  as  Pont  de  L'Arche, 
19  miles  above  Rouen,  but  it  is  now  arrested  by  the  locks  at 
Martot,  near  Elbceuf,  15^  miles  above  Rouen,  making  the  tidal 
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run  93  miles  from  the  sea,  and  79  miles  from  the  lower  end  of 
the  fixed  channel  in  the  estuary.  The  average  discharge  of  water 
is  estimated  at  634  cubic  yards  a  second,  the  low-water  discharge 
being  340  cubic  yards,  and  the  maximum  in  floods  3270  yardd. 

The  quantity  of  sediment  brought  down  by  this  river  is 
small,  and  contrasts  strongly  in  this  respect  with  some  of  the 
other  rivers  in  France.  The  fall  in  the  surface  of  the  water  at 
spring  ebbs  below  Caudebec  varies  from  0'31  foot  to  0*41  foot 
per  mile. 

The  distance  from  Paris  to  the  sea  in  a  direct  line  is  115 
miles,  but  by  the  channel  of  the  river  226  miles.  Firom  Rouen 
to  the  sea  the  direct  distance  is  45  miles,  and  by  the  channel 
76  miles.  Neap  tides  rise  18  feet,  and  spring  tides  rise  23  feet 
at  Havre,  and  6  feet  7  inches  at  Rouen. 

Several  schemes  have  been  proposed  since  the  middle  of  the 
last  century  for  improving  the  navigation  of  the  Seine,  including 
a  canal  for  avoiding  the  estuary,  and  training  works. 

The  canalization  of  the  upper  part  was  accomplished  in  1838. 
The  size  of  the  locks  and  the  depth  of  water  on  the  part  between 
Martot  and  Paris  was  increased  in  1878  to  520  feet  in  length, 
39J^  feet  in  width,  and  10^  feet  in  depth. 

In  1845  M.  Bouncieau  submitted  a  plan  for  improving  the 
Seine  from  Rouen  to  the  estuary  by  means  of  training  walls. 
This  scheme  was  approved  and  adopted,  and  the  works  com- 
menced in  the  following  year,  but  have  not  been  extended  as  far 
as  originally  intended.  The  works  were  at  first  confined  to  the 
part  of  the  river  between  ViUequier  and  Quillebeuf,  a  distance 
of  10  miles.  The  result  of  this  training  was  so  satisfactory,  the 
depth  of  the  water  over  the  shoals  being  increased  from  10 J  to 
21  feet  at  high-water  spring  tides,  that  a  further  extension  was 
authorized,  and  the  training  was  ultimately  carried  up  to  La 
Mailleraye  and  down  to  Berville.  A  shoal  of  hard  ground  at 
Meules  Bank  was  also  dredged  away.  The  works  were  com- 
pleted in  1869.  The  training  extended  over  a  length  of  26| 
miles,  the  length  of  the  training  walls  amounting  to  about 
45  miles.     The  width  of  the  channel  was  made — 

Miles.  Feet. 

0    atBouen             ...  ...  ...  ...  ...  500 

S7|  at  MaiUeraye      ...  ...  ...  ...  ...  820 

59    at  Tanoarrille    ...  ...  ...  ...  ...  1640 

63    end  of  training  walls  ...  ...  ...  ...  2296 
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The  walls  were  made  of  rubble  chalk,  obtained  from^clifiEs 
adjacent  to  the  river.  The  chalk  was  tipped  into  the  channel 
along  the  line  of  the  intended  training  wall,  and  levelled  to  an 
even  face  above  low  water.  The  top  was  made  ^\  feet  wide, 
with  slopes  of  1  to  1  on  the  land  side,  and  varying  on  the  river 
side  from  IJ^  to  8  to  1  according  to  the  force  of  the  current. 
The  walls  were  raised  to  high-water  level  down  to  La  Boque ; 
below  this  they  were  at  first  only  raised  a  few  feet  above  low 
water,  but  subsequently  it  was  found  necessary  to  increase  the 
height,  as  the  tide,  rising  over  the  top  of  the  banks,  washed  the 
material  away  and  injured  them. 

The  velocity  of  the  tidal  current  did  so  much  damage  to 
some  parte  of  the  rubble  walls  that  it  became  necessary  to 
protect  the  toe  with  sheet  piling,  and  the  upper  part  with  an 
apron  of  concrete  about  a  foot  thick. 

The  chalk  cost  an  average  of  l8.  O^d  per  cubic  yard  in  the 
bank. 

The  material  of  which  the  upper  estuary  was  composed 
consisted  almost  entirely  of  sand  or  alluvial  matter,  and  when 
the  current  became  confined  and  concentrated  by  the  training 
walls,  this  was  scoured  out  of  the  channel  by  the  ebb  cuiTent 
The  quantity  thus  removed  was  estimated  at  80  million  cubic 
yards. 

A  considerable  accumulation  of  alluvial  matter  became 
deposited  at  the  back  of  the  walls,  25,000  acres  of  which 
became  fit  for  reclamation  and  were  enclosed. 

During  the  past  ten  yeai*s  dredging  operations  have  been 
carried  out  for  removing  the  hard  shoals  below  Rouen.  The 
longest  shoal  was  at  Bardonville,  about  19  miles  below  the  town. 
This  shoal  was  2  miles  in  length,  over  which  a  depth  of  only 
17'70  feet  was  to  be  found  at  high  water  of  neap  tides.  A  fair 
way  was  dredged,  328  feet  wide,  over  which  there  is  23  feet 
at  ordinary  high  water.  The  depth  throughout  in  the  shoalest 
places  in  the  river  at  ordinary  high  water  is  20*30  feet,  and  at 
high  springs  26*25  feet 

The  efiect  of  the  training  on  the  channel  of  the  river  was  to 
lower  the  bed  an  average  of  8  feet  over  27  miles;  to  lower 
the  line  of  low  water  at  Rouen  2  feet  3  inches  at  spring 
tides,  and  2  feet  9  inches  at  neap  tides.  The  high-water  line  at 
Rouen  remains  unaltered,  and  is  nearly  the  same  as  that  at 
Havre.     The  tides  reach  Rouen  an  hour  earlier  than  before. 
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and  high  water  is  now  5^  hours  after  high  water  at  Havre. 
The  tidal  wave  on  the  first  of  flood  travels  from  Honfleur  to 
Rouen  in  4  hours  and  20  minutes,  and  the  first  of  the  flood 
reaches  Rouen  2|  hours  after  high  water  at  Havre. 

The  average  rate  of  propagation  at  low  water  is  thus  a  little 
over  16  miles  an  hour ;  but  the  rate  varies  in  difierent  parts  of 
the  river,  being  about  7  miles  an  hour  over  the  first  7  miles, 
18  miles  an  hour  over  the  next  20^  miles,  25  miles  an  hour  over 
the  section  between  Caudebec  and  Duclair,  where  the  river  is 
20  feet  deep,  and  17  miles  an  hour  over  the  upper  reach  to 
Rouen. 

The  tidal  efiect  has  reached  beyond  the  limit  of  the  training 
walls,  as  the  time  of  high  water  at  Havre  is  advanced  38 
minutes.  Spring  tides  rise  23  feet  at  the  mouth  of  the  estuary, 
10  feet  at  St.  Mailleraye,  and  6  feet  6  inches  at  Rouen. 

The  results  indicate  that  the  training  walls  have  not  been 
sufficiently  expanded,  and  are  too  close  together  to  allow  of  a 
free  entrance  for  the  tidal  water.  This  is  shown  by  the  con- 
fusion of  the  tidal  flood  current  coming  up  the  estuary,  part  of 
which  is  driven  back  towards  Havre,  and  also  by  the  velocity 
with  which  the  tidal  current  runs  up  the  trained  channel, 
advancing  with  a  head  or  bore  of  about  5j^  feet,  reaching  in 
very  high  spring  tides  to  11  feet. 

The  velocity  of  the  tidal  current  is  a  source  of  considerable 
danger  to  the  navigation.  A  large  English  steamer,  the  Borneo^ 
300  feet  long  and  36  feet  beam,  was  wrecked  by  the  bore,  on  the 
Villequier  sands. 

If  the  walls  had  been  placed  a  greater  distance  apart,  the  flood 
would  have  led  in  more  gently,  which  would  not  only  have 
been  an  advantage,  but  have  considerably  decreased  the  cost  of 
construction  and  maintenance.  This  fact  has  been  fully  realized 
by  the  French  engineers,  and  it  has  been  proposed  to  set  the 
walls  further  back  at  the  lower  end,  and  ease  the  curve  at 
Quillebeuf. 

There  are  eleven  principal  curves  between  the  estuary  and 
RoueUy  four  of  which  describe  180  degrees.  The  sharpest  curve  in 
the  trained  channel  is  between  Quillebeuf  and  Tancarville. 
This  has  a  radius  of  8200  feet,  and,  owing  to  the  velocity  of  the 
current  round  it,  which  attains  820  feet  a  second,  is  a  source  of 
inconvenience  to  the  navigation.  The  sharpest  curve  above  this 
has  a  radius  of  6562  feet.    Owing  to  the  width  of  the  river. 
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never  less  than  300  feet,  and  in  some  places  1100,  the  other 
curves  do  not  seriously  impede  the  navigation.  The  coarse 
round  the  bend  at  Duclair  is  11  miles,  whereas  in  a  straight  line 
it  would  only  be  2  miles.  Owing  to  the  height  of  the  land  at 
the  side  of  the  river  where  several  of  these  curves  occur,  it  is  not 
practicable  to  straighten  the  channel ;  but  if  the  training  walls 
at  Quillebeuf  had  been  carried  in  a  more  direct  line,  the  curve 
would  have  been  more  easy,  and  a  better  approach  given  from 
the  estuary. 

The  cost  of  the  training  walls  as  originally  completed  down 
to  Berville  was  £678,000,  or  at  the  rate  of  £810  per  running 
yard.  The  subsequent  works  of  reconstruction,  protection,  and 
maintenance  cost  £520,000,  making  the  total  cost  £1,198,000,  or 
£15*10  per  yard  run.  The  value  of  the  land  reclaimed  was 
£852,000,  leaving  the  net  cost  of  the  works  £346,000. 

The  lower  estuary  extending  from  the  end  of  the  training 
walls  at  Berville  to  a  line  drawn  from  Cape  La  Hfeve  to  Trouville, 
is  14  miles  in  length,  the  width  increasing  from  about  2^  miles 
to  7  miles.  The  greater  part  of  this  space  is  covered  with  sands, 
through  which  the  main  channel  frequently  shifts  its  course, 
sometimes  passing  to  the  north  of  the  Amford  shoal  by  Havre, 
but  the  main  direction  being  through  the  centre  of  the  estuary, 
between  the  Amford  shoal  on  the  north  and  the  Ratier  shocJ  on 
the  south.  The  flood  tide  enters  the  estuary  from  two  directions, 
one  current  coming  round  by  Cape  La  H^ve  on  the  north,  and 
the  other  through  Villerville  Deeps  on  the  Calvados  coast. 
These  two  currents  meet  in  the  middle  of  the  estuary.  The 
main  current  then  sets  up  the  Seine ;  but  there  is  a  back  current 
which  sets  downwards  past  Havre,  causing  eddies  which  no 
doubt  account  for  the  large  accumulation  of  sand  which  blocks 
the  entrance  to  the  harbour.  This  entrance  can  only  be  main- 
tained at  a  depth  of  26  feet  at  spring  tides  by  constant  dredging, 
and  the  entrance  for  large  vessels  is  restricted  to  high  water. 
There  is,  however,  a  compensating  advantage  in  the  duration  of 
high  water,  allowing  the  dock  gates  to  remain  open  for  nearly 
three  holirs.  The  period  during  which  high  water  remains 
stationary  is  about  one  hour ;  for  another  hour  the  level  only 
varies  from  3  to  4  inches.  The  tide  only  rises  and  falls  13 
inches  during  three  hours.  Thus  spring  tides  flow  for  3i  hours, 
remain  practically  stationary  for  \\  hours,  and  ebb  6^  hours. 
This  period  of  still  water  is  caused  by  a  second  tidal  wave 
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following  on  the  first,  which  bends  into  the  bay  and  strikes  the 
Cotentin  peninsula,  travelling  afterwards  along  the  coast  of 
Calvados  as  far  as  Havre,  and  prolonging  the  action  of  the  first 
tidal  wave. 

The  variation  in  height  between  spring  and  neap  tides  is 
also  greater  than  in  other  rivers,  the  rise  of  springs  being  23  feet, 
and  of  neaps  barely  10  feet. 

The  set  of  the  tidal  currents  in  the  bay  is  east  and  west,  and 
there  is  a  long  interval  of  slack  tide  at  low  water.  In  front  of 
Havre  there  is  also  a  sharp  north  and  south  littoral  current, 
which  begins  to  make  itself  felt  a  little  before  full  tide,  the 
currents  thus  making  the  full  turn  of  the  compass.  The  velocity 
at  high  spring  tides  is  from  3  to  4  knots. 

The  effect  of  the  training  works  on  the  lower  estuary  has 
been  the  subject  of  some  controversy.  It  has  been  contended 
that,  owing  to  the  curtailment  of  the  tidal  reservoir  by  the  land 
enclosed,  the  deposit  of  sand  has  increased,  and  that  this  may 
ultimately  have  an  injurious  effect  on  the  scouring  action  of  the 
tidal  water  in  maintaining  the  sea  channels. 

On  the  other  hand,  it  has  been  shown  that  although,  accord- 
ing to  the  surveys  made,  there  was  an  apparent  decrease  in  the 
capacity  of  the  estuary  from  the  completion  of  the  work  in 
1859  to  1875  to  the  extent  of  272  million  cubic  yards,  or  at  the 
rate  of  17  million  cubic  yards  a  year,  yet  the  decrease  after  this 
for  the  next  five  years  was  40  millions,  or  a  rate  only  half  as 
great  as  that  which  had  previously  been  going  od. 

It  was  further  shown  by  M.  Lavoinne  that  thirty  years  ago 
the  capacity  of  the  estuary  was  less  than  in  1880,  and  that  it 
had  increased  11  million  cubic  yards  between  those  periods. 
The  channel  also  seawards  of  Havre  has  deepened  considerably. 

A  portion  of  the  decrease  of  the  water-space  of  the  estuary 
is  due  to  the  partial  filling  up  of  some  of  the  deepest  pools,  a 
result  which  affects  neither  the  scouring  action  nor  the 
navigation. 

It  is  further  contended  that  all  sandy  estuaries  are  subject 
to  constant  changes  due  to  storms  and  other  causes,  and  surveys 
made  of  the  cubic  capacity  of  the  water-space  will  constantly 
vary.  Deductions  drawn  by  comparing  surveys  taken  within 
limited  periods  will  therefore  be  unreliable.  The  effect  of  the 
training  walls  and  the  removal  of  the  enormous  amount  of 
material  scoured  out  of  the  river  as  the  channel  deepened,  and 


412  TIDAL  RIVERS. 

the  deepening  of  the  outer  channel,  would  naturally  lead  to  a 
variation  in  the  contour  of  the  estuary;  this  would  not  create 
additional  material,  but  be  merely  a  transposition,  and  sand  which 
formerly  oscillated  backwards  and  forwards  with  the  tides  and 
floods  has  now  become  fixed,  with  advantage  to  the  permanence 
of  the  channels. 

The  fact  as  to  whether  a  decrease  of  the  cubic  capacity  of 
the  water-space  has  occurred  or  not,  is  not  so  matericJ  as  the 
general  effect  which  the  training  works  and  enclosure  of  land  have 
produced  on  the  estuary,  which  may  be  briefly  stated  as  follows. 
The  channel,  from  the  end  of  the  training  walls  to  the  sea,  is 
now  in  a  better  condition  for  navigation  than  it  was  previously, 
being  more  stable  than  it  used  to  be ;  the  channel  seaward  of 
Havre  has  deepened;  the  time  of  high  water  is  advanced  at 
Havre ;  a  large  body  of  material  that  formerly  was  always  being 
shifted  about  and  forming  shoals  is  now  permanently  at  rest; 
a  valuable  tract  of  land  has  been  brought  into  cultivation  where 
formerly  was  nothing  but  barren  sand;  and  the  river  above 
the  estuary  is  now  navigable  for  large  ocean-going  steamers  for 
a  distance  of  50  miles  inland. 

Various  schemes  for  the  extension  of  the  training  walls,  with 
a  view  to  improving  the  navigation  through  the  estuary,  have 
been  suggested,  the  main  contention  arising  from  the  difficulty 
in  laying  them  out  without  injuring  the  ports  of  Havre  on  the 
one  side,  and  Honfleur  on  the  other.  A  Commission  of  engineers 
appointed  by  the  French  Government  has  advised  the  opening 
out  of  the  present  walls  at  their  mouth,  and  their  extension,  so 
as  to  give  a  direction  to  the  main  channel  along  the  line  of  its 
greatest  permanence — ^that  is,  between  the  Amford  and  Ratier 
banks,  but  nearer  the  latter.  To  meet  the  difficulty  as  to  Havre, 
and  to  improve  its  approach,  it  is  proposed  that  a  new  entrance 
in  deep  water  should  be  constructed  more  to  the  west  than  the 
present  approach,  where  the  low  water  can  be  relied  on  to 
continue  permanently  deeper. 

It  is  also  proposed  that  an  alteration  in  the  existing  channel 
between  Tancarville  and  Berville  should  be  made  by  constructing 
new  training  walls  in  a  more  northerly  direction  and  wider 
apart;  the  trained  channel  to  be  widened  from  1640  to  2950 
feet  near  La  Roque,  and,  where  the  channel  changes  its  curvature 
about  halfway  to  Berville,  the  width  to  be  reduced  to  2790  feet, 
then  to  widen  out  again  gradually  to  4430  feet  a  little  past 
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Berville ;  at  the  next  change  of  curvature,  opposite  Fatonville 
the  chaiinel  to  be  reduced  to  a  width  of  4265  feet,  and  thence 
to  widen  out  rapidly  to  9840  feet  at  the  end  of  the  training  off 
Honfleur,  the  outer  portion  of  the  walls  from  Ficquefleur  to 
Honfleur  to  be  kept  low,  and  be  gradually  raised  above  this. 
It  is  considered  that  by  contracting  the  channel  at  the  point 
of  reverse  curvature  a  fixed  deep  channel  will  be  maintained 
along  the  banks,  and  a  permanent  entrance  channel  be  secured 
to  Honfleur  by  leading  the  deep  water  in  front  of  the  jetties. 
The  cost  of  the  estuary  work,  including  the  removal  of  shoals 
at  Quillebeuf,  but  exclusive  of  the  special  works  at  Havre, 
is  estimated  at  £1,000,000,  the  total  outlay  being  put  at 
£4,660,000. 

Another  plan,  which  appears  to  meet  with  some  support,  is  a 
modification  of  that  originally  proposed  by  M.  Partiot,  by  which 
it  is  intended  to  suppress  two  out  of  the  three  channels  now  ex- 
isting, and  concentrate  the  strength  of  the  flood  and  ebb  in  one 
channel  directed  towards  Havre.  To  effect  this  it  is  proposed 
to  construct  a  concave  training  wall  about  12  miles  in  length, 
extending  from  the  end  of  the  present  south  training  near 
Berville  and  running  close  past  Honfleur  to  the  hard  shoal  of 
Amford,  and  thence  returning  in  a  southerly  direction  to  the 
coast  at  YiUerville.  By  this  means  the  whole  force  of  the  flood 
and  ebb  would  be  thrown  into  the  northern  chaimel,  which 
would  pass  close  by  Honfleur  and  be  directed  towards  Havre. 
It  is  also  proposed  to  open  out  the  present  mouth  of  the  trained 
channel  by  removing  about  3  miles  of  the  lower  end  of  the  north 
wall  and  removing  it  back,  so  as  to  make  the  entrance  bell- 
mouthed.  The  great  objection  to  this  plan  is  the  contraction 
of  the  mouth  of  the  bay  by  the  wall  running  out  from  Villerville, 
by  which  the  width  of  the  estuary  will  be  reduced  two-thirds, 
and  also  the  check  given  to  the  southern  branch  of  the  tide 
which  comes  through  Villerville  Deeps.  The  combined  influence 
of  the  two  tidal  ciurents  is  now  felt  for  some  distance  above 
Rouen,  or  for  more  than  77  miles.  It  is  feared  that  such  a 
large  contraction  of  the  waterway  by  which  the  estuary  is  now 
fed  might  seriously  interfere  with  the  propagation  of  the  tidal 
wave  up  the  river.  On  this  ground  tbis  scheme  is  opposed  by 
the  French  Government  engineers. 

"  Etiide  sur  la  Navigation  des  Rivieres  a  Maries,"  M.  Boun- 
cieau  (Paris :   1845) ;   "  Monographic  du  Regime  de  la  Seine 
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Maritime,"  M,  Belleville  (Paris :  1869) ;  "  La  Seine  Maritime  et 
son  Estuaire,"  par  E  Lavoinne  (1885) ;  "  The  River  Seine/'  L. 
F.  Vemon-Harcourt,  Min,  Proc.  Inst.  C.E.,  voL  Ixxxiv.,  1886 ; 
"The  Tidal  Seine,"  Mengin-Lecreulx  (Paris  Congress,  1892); 
Report  on  the  Shipping  and  Harbour  Improvements  at  Rouen, 
a  E.  O'Neill  (Foreign  Office  Reports,  1892). 

The  Maaa. — This  river,  called  "  The  Meuse  "  where  it  passes 
through  Belgium,  and  "^  The  Maas  "  in  Holland,  gives  access  to 
the  port  of  Rotterdam  from  the  North  Sea.  The  works  carried 
out  for  the  improvement  of  the  waterway  between  Rotterdam 
and  the  sea  a^ord  an  instructive  example  of  the  beneficial 
result  of  training  at  the  mouth  of  a  river  on  a  low  sandy 
coast,  having  only  a  small  rise  and  fall  of  the  tide.  The  rise 
of  a  spring  tide  is  5  feet  6  inches  at  the  mouth  of  the  jetties, 
and  4  feet  3  inches  at  Rotterdam,  21  miles  higher  up.  The 
fresh-water  discharge  is  very  considerable,  the  volume  being 
larger  than  most  of  the  great  rivers  of  Europe  flowing  into 
tidal  seas. 

The  river  Rhine  discharges  its  water  into  the  North  Sea 
through  a  great  number  of  branches,  the  most  northerly  of 
which,  the  Maas,  passes  Rotterdam.  The  outlet  of  this  branch 
was  originally  by  a  channel  passing  Brielle.  This  channel 
became  so  silted  up  at  the  beginning  of  the  present  century 
that  vessels  drawing  more  than  10  feet  could  not  navigate  the 
channel,  and  the  only  access  to  Rotterdam  was  by  the  Goereesche 
Gat,  past  Hellevoetsluis  and  round  by  Dordrecht.  About 
the  year  1829  the  Hoome  Canal,  about  6  miles  in  length,  was 
cut  from  Hellevoetsluis  so  as  to  avoid  the  shocJs  and  sandbanks 
at  the  mouth  of  the  Maas  outfall.  This,  however,  only  provided 
a  navigation  for  vessels  drawing  17  feet,  and  the  course  was 
circuitous,  occupying  18  hours.  Under  these  circumstances  the 
extension  of  commerce  at  Rotterdam  was  impossible,  and  it  was 
no  longer  able  to  compete  with  the  other  ports  of  Western 
Europe. 

In  1857  the  Dutch  Government  nominated  a  Commission  of 
engineers  of  the  Waterstaat  to  report  as  to  the  best  way  of 
securing  an  efficient  navigable  channel  from  the  sea  to  Rotter- 
dam. In  the  following  year  Mr.  P.  Caland,  an  engineer  of  the 
Waterstaat,  presented  a  scheme  for  improvement,  which  was 
accepted  by  the  Commission,  and  recommended  to  the  Govern- 
ment for  execution.     By  this  scheme  it  was  proposed  to  adopt 
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the  north  ami  of  the  Msas,  called  the  Scbeur  (see  Fig.  74),  and 
to  join  this  to  the  sea  by  a  new  cut  about  three  miles  long  across 
the  Hook  of  Holland,  and  to  continue  the  cut  by  jetties  extend- 
ing beyond  the  coast-line  until  a  depth  of  16^  feet  at  low  water 
was  reached.     At  the  same  time  the  channel  from  Rotterdam 


was  to  be  deepened  and  re^^ated  so  as  to  give  a  width  at 
Rotterdam  of  1082  feet,  increasing  progressively  to  2952  feet 
at  the  entry  between  tiie  jetties.  The  soundings  beyond  the 
outer  end  of  the  jetties  indicated  that  a  depth  of  21^  feet  could 
be  relied  on  for  the  new  outfall.    The  cost  of  the  work  was 


4i6  TIDAL  RIVERS. 

estimated  at  £525,000  (fl.  6,300,000),  and  the  time  required  to 
complete  the  work  six  years.  The  reason  for  recommending  the 
cut  across  the  Hook  of  Holland  in  place  of  opening  out  the  old 
outfall  was  the  absence  of  sandbanks  at  the  place  selected ;  that 
the  low-water  line  of  26  to  30  feet  approaches  very  dose  in 
shore ;  and  the  tide  runs  stronger  there. 

The  works  were  commenced  in  1863  by  the  construction  of 
the  north,  and  in  the  following  year  of  the  south  pier.  In  1868 
the  cutting  of  the  channel  across  the  Hook  of  HoUand  was  pro- 
ceeded with  (Fig.  74)  to  a  width  of  194  feet,  and  a  depth  of 
10  feet  at  low  water.  The  new  channel  was  partly  excavated 
by  manual  labour,  leaving  the  remainder  of  the  soil  to  be 
scoured  out  by  the  action  of  the  water.  The  mouth  of  the  old 
Scheur  was  closed  to  the  level  of  high  tide  in  1872,  and  the 
training  of  the  rivers  above  the  jetties  was  proceeded  with  as 
rapidly  as  possible,  so  as  to  drive  all  the  water  into  the 
new  cut. 

In  1874  the  north  pier  had  reached  its  intended  length  of 
6560  feet,  and,  two  years  after,  the  south  pier  a  length  of  7544 
feet.  These  jetties  were  made  of  fascine-work,  a  description  of 
which  and  illustration  are  given  in  Chapter  IX.  on  "  Training." 
The  new  channel  was  first  opened  in  1871  for  the  use  of  small 
vessels,  and  in  1872  for  steamers. 

When  the  piers  and  training  walls  were  completed  in  accord- 
ance with  the  original  scheme,  it  was  found  that  the  depth 
did  not  increase  as  rapidly  as  was  anticipated.  The  currents, 
in  widening  and  deepening  the  new  cut,  removed  enormous 
quantities  of  sand,  which  became  deposited  in  the  wide  space 
between  and  in  front  of  the  piers,  and  prevented  all  further 
deepening  and  improvement  A  Government  Commission  was 
appointed  in  1877,  to  inquire  into  the  matter.  This  Commission 
finally  reported  in  1880,  advising  that  the  currents  should  no 
longer  be  relied  on  for  widening  and  deepening,  but  that  this 
should  be  assisted  by  dredging;  that  the  channel  should  be 
brought  to  a  uniform  width  throughout,  being  made  984  feet 
at  Rotterdam,  and  2296  feet  at  the  sea  end  of  the  piers ;  and 
that,  to  accomplish  this,  the  banks  should  be  set  back  where 
necessary,  and  the  waterway  enlarged  where  the  river  was  too 
narrow ;  to  raise  the  piers  and  extend  them  into  a  depth  of  29]^ 
feet,  and  to  separate  the  rivers  to  the  south  of  Bosenburg  from 
the  navigable  channel,  a  lock  being  constmcted  at  Ylaardingen 
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to  give  access  from  the  Oude  Maas,  and  the  Bollek.  In  1881  the 
narrowing  of  the  outfall  was  effected  by  a  low  training  wall  on 
the  south  side  between  the  two  piers,  and  a  connecting  embank- 
ment between  this  pier  and  the  head  of  the  low  embankment. 
The  dredging  at  the  mouth  of  and  between  the  piers  was  rapidly- 
proceeded  with,  and  the  widening  near  Maasluis  began  in  1886, 
involving  the  setting  back  of  the  embankments.  These  works 
have  proved  very  successful.  The  minimum  depth  in  the 
channel  between  and  beyond  the  piers  increased  continually. 
It  reached  at  low  water  to  9*84  feet  in  1882 ;  1213  feet  in  1884 ; 
13-12  feet  in  1885;  17*38  feet  in  1888;  20  feet  in  1889;  22  feet 
in  1890;  and  2361  feet  in  1891,  giving  29  feet  at  high  water, 
which  is  also  the  minimum  depth  outside  the  jetties.  These 
depths  are  taken  over  a  width  of  984  feet 

The  Sj^fathom  line  at  low  water  along  the  coast  has 
remained  unaltered  since  the  commencement  of  the  works.  The 
4i^-fathom  line  advanced  seaward  when  the  jetties  were  com- 
menced, and  continued  for  a  short  time,  but  since  1876  no 
further  advance  of  this  line  has  occurred.  The  channel  has  also 
continually  deepened  up  to  Rotterdam,  the  minimum  depth  over 
a  width  of  984  feet  being  21*32  feet  at  low  water. 

The  maximum  draught  of  vessels  has  increased  from  19  feet 
4  inches  in  1882  to  25  feet  in  1889.  The  number  of  vessels  of  a 
draught  of  18  feet  and  upwards  has  increased  from  65  in  1882 
to  107  in  1889.  The  time  now  taken  to  get  from  the  sea  to  the 
quays  at  Rotterdam,  20  miles,  is  two  hour& 

The  quantity  of  excavation  and  dredging  to  the  end  of  1889 
between  Rotterdam  and  the  sea  amounted  to  h^\  millions  of 
cubic  yards,  of  which  37^  millions  was  done  after  1881. 

The  total  cost  of  the  work  since  1863  up  to  the  end  of  1891 
has  been  £2,840,000.  It  is  estimated  that  a  further  sum  of 
£200,000  will  be  required  during  the  next  two  years  to  com- 
plete the  works. 

"  Les  Yoies  de  Navigation  dans  la  Royaume  des  Pays-Bas " 
(The  Hague:  1890);  "  Report  on  the  Improvement  of  the  Fluvial 
Way  from  Rotterdam  to  the  Sea,"  M.  Welker,  Chief  Engineer  of 
the  Waterstaat  at  ZwoUe  (1892) ;  ''  Report  on  the  Improvement 
of  Navigation  from  Rotterdam  to  the  Sea,"  made  for  the  United 
States  Government  by  Major  Barnard  (Washington,  1872). 

The  Danube. — ^Although  the  Danube  is  not  a  tidal  river,  it  yet 
affords  one  of  the  best  examples  of  river-engineering  of  which 
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there  is  any  record.  The  physical  characteristics  and  natural 
governing  factors  of  the  river  were  carefully  watched  and  turned 
to  the  best  advantage.  The  works  were  carried  out  tentatively, 
and  the  channel  gradually  regulated  and  led  into  the  direction 
best  calculated  to  obtain  the  greatest  effect  from  natural  scour. 
The  outfall  was  trained  and  extended  suflBciently  far  to  turn  the 
transporting  power  of  the  water  to  the  most  effective  account, 
and  to  a  point  where  the  littoral  currents  were  powerful  enough 
to  carry  away  the  detritus  brought  down  in  flooda  The  result 
has  been  that  one  of  the  finest  rivers  of  Europe,  the  navigable 
resources  of  which  were  confined  to  the  passage  of  barges  owing 
to  the  condition  of  the  last  fifty  miles  of  its  course,  is  now  navi- 
gable by  steamers  of  large  tonnage,  conferring  an  inestimable 
advantage  on  the  trade  of  a  very  large  tract  of  country.  This  has 
been  accomplished  at  a  cost  which,  compared  with  other  works  of 
river-improvement  in  this  or  other  countries,  and  with  the  results 
obtained,  must  be  considered  as  exceedingly  moderate,  and  which 
reflects  credit  on  the  skill  of  the  engineering  staff  employed. 

The  river  Danube  has  a  drainage  area  of  316,000  square 
miles.  It  is  1750  miles  in  length,  and  has  300  tributaries.  It 
has  a  navigable  waterway  of  1620  miles,  or  within  130  mUes  of 
its  source.  The  discharge  in  summer  floods,  when  the  water 
attains  the  level  of  the  natural  banks  of  the  delta,  at  14  miles 
below  Isaktcha,  has  been  calculated  at  325,000  cubic  feet  per 
second,  of  which  205,000  went  by  the  Kilia  branch.  The  Sulina 
branch  (see  Fig.  75)  discharges  "\  of  the  entire  volume,  which  is 
about  24,000  cubic  feet  a  second  at  ordinary  high  water,  when  the 
river  is  9  feet  above  the  level  at  St.  George's  ChataL  At  low 
water,  or  when  one  foot  above  the  sea,  the  discharge  is  reduced 
to  5300  cubic  feet  a  second,  the  maximum  discharge  in  high 
floods  being  70,600  cubic  feet. 

The  inclination  in  the  surface  over  the  50  miles  of  the  Sulina 
branch  averages  at  low  water  \  inch  in  a  mile.  At  high  floods 
it  increases  to  3  inches  in  a  mile.  The  velocity  varies  from  3  to 
5*20  miles  an  hour  at  the  mouth  in  floods,  falling  at  low  water  to 
half  a  mile. 

The  weight  of  sediment  carried  by  the  Sulina  branch  varies 
from  12  grains  to  a  maximum  of  840  grains  per  cubic  foot,  the 
mean  annual  discharge  of  solid  matter  being  5  million  tons.  The 
mean  annual  discharge  of  the  whole  river  is  67f  million  tons,  the 
maximum  discharge  being  154  mUlion  tons. 


EXAMPLES  OF  RIVER  IMPROVEMENT.  419 

At  a  point  about  4)5  nautical  miles  from  the  Black  Sea,  and 
15  miles  below  the  town  of  Isaktcha,  the  Danube  divides  into 
two  streams,  and  the  delta  commences  at  the  point  of  divergence. 
These  two  main  channels  again  divide  into  three  navigable 
channels  and  a  number  of  smaller  outlets.     At  the  head  of  the 
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delta  the  channel  is  1700  feet  wide,  and  50  feet  deep.  The 
deepest  navigable  channel  across  the  bar  at  the  lowest  end  of 
the  delta  was  formerly  from  7  to  10  feeL 

In  1856  a  European  Commission  was  appointed  for  the  purpose 
of  determining  on  the  best  means  of  improving  the  outfall  of  the 
river,  and  for  raising  the  means  for  carrying  out  the  work, 
llieir  jurisdiction  extended  from  Isaktcha  to  the  Black  Sea.  By 
the  treaty  of  Berlin  in  1878  this  was  extended  to  Galatz.  Sir 
Charles  Hartley  was  appointed  engineer  to  the  Commission,  and 
under  bis  advice  the  Sulina  branch,  the  smallest  outfall  of  the 
three,  was  selected  for  improvement. 

The  SuUna  mouth  is  the  most  northerly  outlet.    It  was  very 
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winding,  and  varied  in  width  from  300  to  800  feet.  It  was 
impeded  by  numerous  shoals,  and  was  difficult  for  navigation 
till  within  22  miles  of  the  sea.  The  entrance  to  it  from  the  sea 
was  a  wild  open  seaboard  strewn  with  wrecks,  the  hulls  and 
masts  of  which,  sticking  out  of  the  submerged  sandbanks,  gave  to 
mariners  the  only  guide  as  to  where  the  deepest  channel  was  to 
be  found.  The  depth  of  the  channel  over  the  bar  varied  from 
7  to  10  feet,  and  was  rarely  more  than  9  feet. 

In  1857,  Sir  Charles  Hartley  advised  that  the  channel  should 
be  trained  across  the  bar  by  provisional  works  consisting  of  piles 
and  planking,  backed  up  by  rubble  stone  obtained  from  the  forests 
and  quarries  in  the  neighbourhood.  This  plan  was  condemned 
by  an  International  Commission  of  engineers,  who  reported 
that  they  could  not  recommend  the  application  of  the  proposed 
system  of  improvement,  as  it  offered  no  guarantee  of  success. 
The  projects  for  the  Sulina  mouth  they  considered  would  be  of 
no  real  use ;  that  the  guiding  piers  would  soon  be  destroyed  by 
the  force  of  the  waves ;  that  they  would  cause  the  loss  of  large 
sums  of  money,  and  throw  obstacles  in  the  way  of  existing  navi- 
gation. As  a  substitute,  the  technical  International  Commission 
recommended  the  construction  of  a  lateral  canal,  16  feet  deep,  to 
the  St.  George's  branch  from  the  sea,  at  a  cost  of  £360,000.  The 
ultimate  cost  of  this  canal  with  maintenance,  it  was  estimated, 
would  have  amounted  to  £600,000.  The  provisional  plan  of  Sir 
Charles  Hartley,  so  unsparingly  condemned  by  the  Commission 
but  finally  carried  out  and  completed  in  1861,  gave  a  depth  of 
17  feet,  at  a  cost  of  £86,000,  and  effected  a  saving  to  the  naviga- 
tion which  hSiS  averaged  nearly  a  million  a  year  since  it  has 
been  carried  out. 

The  training  works  into  the  Black  Sea  consisted  of  a  northern 
pier  extending  3200  feet  from  the  land,  and  a  southern  pier  2550 
feet  The  main  piles  supported  a  planking  4  feet  above  the  sea- 
level,  and  rubble  stone  was  filled  in  at  the  back  of  the  line  of 
piles  and  allowed  to  take  its  own  slope  up  to  the  water-line. 
These  piers  were  so  constructed  as  to  direct  the  ebb  current  in 
a  direct  line  into  the  sea,  normal  to  the  set  of  the  littoral  flow, 
and  were  carried  out  sufficiently  far  to  derive  advantage  from 
the  littoral  current  in  transporting  the  solid  matter  brought 
down  ;  the  distance  between  them  is  600  feet. 

On  the  completion  of  the  piers  in  1861,  the  depth  over  the 
bar  increased  to  17  feet,  over  a  width  of  580  feet,  entirely  by 
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scour,  and  Sulina,  instead  of  being  the  worst  harbour,  at  onoe 
became  the  best  commercial  port  in  the  Black  Sea. 

Two  years  after  the  completion  of  the  provisional  piers,  owing 
to  a  diminution  of  the  velocity  of  the  ebb  current,  a  bank  began 
to  grow  up  between  the  pier-heads,  and  the  water  shoaled  to 
13^  feet  An  extra  length  of  650  feet'  had  been  given  to  the 
north  or  windward  pier,  in  order  to  leave  a  wider  opening  and  to 
afford  shelter  for  vessels  entering.  But  the  projection  of  a  sand- 
bank immediately  off  the  south  pier-head  became  so  considerable 
that  the  entrance  was  only  very  slightly  protected  by  the  north 
pier  during  the  prevailing  north-north-east  winds,  and  this  sand- 
bank was  as  much  in  the  way  as  a  solid  pier  would  have  been, 
Sir  Charles  Hartley  therefore  advised  the  extension  of  the  south 
pier  500  feet,  in  order  that,  the  overlap  of  the  north  pier  being 
reduced  to  150  feet,  the  river  deposits,  during  the  time  when  the 
ebb  currents  were  feeble,  might  be  thrown  well  clear  of  the  pier- 
heads instead  of  between  them.  The  depth  over  the  bar  con- 
tinued to  vary  for  the  next  five  years  between  18  and  14  feet. 
In  1869,  owing  to  the  absence  of  river  floods  and  a  velocity  of 
only  one  mile  an  hour,  the  channel  fell  off  to  15  feet  over  a  width 
of  150  feet,  and  it  was  in  consequence  at  last  determined,  in 
1869,  to  further  extend  the  south  pier.  Following  this  extension 
the  depth  increased  to  22  feet,  and  an  effective  navigable  depth 
of  20  feet  was  secured.  In  1873  the  sand  again  made  itself 
manifest  at  the  end  of  the  south  pier,  the  3-fathom  line  pro- 
jecting 200  feet  into  the  jetty  channel  under  the  lee  of  the 
overlap  of  the  north  pier.  It  was  subsequently  scoured  awayi 
but  again  reappeared.  To  prevent  the  recurrence  of  this  shoal- 
ing the  south  pier  was  again  extended  in  1876,  so  as  to  bring  its 
extremity  opposite  the  north  pier-head.  The  full  current  is  now 
maintained  to  the  ends  of  the  piers. 

Some  very  heavy  floods  which  subsequently  occurred  deepened 
the  channel  between  the  piers  where  the  soil  was  favourable  to 
erosion,  10  feet,  and  in  one  place  near  the  south  pier  a  hole 
30  feet  deep  was  scoured  out.  This  undue  deepening  near  the 
south  pier  led  to  the  formation  of  a  bank  outside  the  pier-heads, 
and  a  shoaling  for  a  short  time  to  19^  feet.  To  prevent  a  further 
recurrence  of  this,  in  1879  a  sill  was  formed  across  the  pier-heads 
of  rubble  stone  and  ballast  from  the  ships  over  a  width  of  100 
feet,  and  having  a  depth  of  25  feet  This  produced  a  regular 
channel  by  distributing  the  discharge  between  the  pier-heads. 
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and  the  nonnal  depth  of  20^  feet  has  since  been  maintained.  In 
1866  it  was  determined  to  convert  the  provisional  piers  into 
solid  structures,  and  this  work  was  completed  in  1871. 

During  the  five  years  which  succeeded  the  completion  of  the 
first  piers  the  waves  persistently  broke  down  the  ridge  of  stone- 
work to  the  level  of  from  3  to  4  feet  below  the  water-line ;  at 
this  depth,  except  at  the  pier-heads,  the  top  of  the  rock  remained 
intact.  The  mound  assumed  a  slope  of  2^  to  1  on  the  sea  side,  and 
Ij^  to  1  on  the  inside.  On  this  base  a  concrete  wall  was  built 
10  feet  high  and  10  feet  wide.  The  proportion  of  cement  used 
to  gravel  and  sand  was  as  1  to  3  for  the  lower  part  of  the  walls, 
and  as  1  to  6  for  the  upper  part.  The  outer  part  of  the  walls, 
where  more  exposed  to  the  violence  of  the  sea,  was  made  of 
blocks  weighing  18  tons,  composed  of  1  of  cement  to  7  of  gravel 
and  sand,  immersed  when  ten  days  old. 

The  total  length  of  the  north  pier  is  5332  feet,  and  of  the 
south  pier  3457  feet.  The  total  sum  expended  on  these  piers 
was  £185,352,  including  the  sum  expended  on  the  provisional 
piers,  making  the  cost  £21  per  lineal  foot  in  an  average  depth  of 
14  feet  of  water.  Taking  the  consolidated  part  only,  6334  feet 
in  length,  the  cost  was  £26  per  foot  in  an  average  depth  of  16 
feet,  including  the  provisional  works.  The  original  estimates  for 
the  work  presented  to  the  Commission  by  the  engineers  called  in 
to  report  varied  from  £307,200  to  £384,000. 

The  circumstances  which  led  to  the  carrying  out  of  the  ten- 
tative works  and  their  subsequent  consolidation  were  the  means 
of  improving  the  navigation  to  a  depth  4  feet  greater  than 
was  anticipated,  at  about  half  the  estimated  cost.  The  con- 
struction also  in  the  first  instance  with  great  rapidity  of  simple 
training  works  of  timber  and  stone,  such  as  the  nearest  forests 
and  quarries  produced,  and  then  consolidating  them  later  on 
with  concrete  when  the  stone  had  been  beaten  down  to  its 
ultimate  level  by  the  action  of  the  waves,  proved  the  most 
economical  and  efiective  course  that  could  have  been  pursued. 

Since  the  consolidation  of  the  piers  there  has  not  been  any 
advance  of  the  delta  at  the  Sulina  mouth.  The  advance  of  the 
4  and  5  fathoms  line  of  soundings  averaged  94  feet  a  year 
previous  to  the  commencement  of  the  works.  Between  1861 
and  1871  it  only  amounted  to  44  feet,  the  littoral  current  being 
strong  enough  at  the  point  to  which  the  piers  were  carried  to 
carry  away  the  detritus  brought  down. 
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The  increase  in  depth  from  9  feet  in  1857  to  20  feet  in  1872 
had  the  following  effect  on  the  navigation  of  the  port :  In  1853, 
2490  vessels  of  339,467  tons  left  the  port ;  in  1869,  2881  vessels 
of  676,960  tons  cleared  seawards.  The  average  tonnage  on  the 
former  occasion  was  a  little  over  132  tons ;  on  the  latter,  nearly 
266  tons.  The  number  of  wrecks  had  decreased  from  an  average 
of  about  1  in  250  to  1  in  6000.  In  1890  the  number  of  vessels 
had  decreased  to  1619,  but  the  average  tonnage  had  increased 
to  754  tons,  many  of  the  steamers  being  from  1400  to  1600  tons. 

Before  the  works  were  completed,  it  was  necessary  for  ships 
to  convey  the  cargoes  to  and  from  the  ships  in  barges,  at  a  cost 
of  2«.  6d.  a  ton.  This  is  no  longer  necessary.  The  dues  imposed 
for  ships  over  300  tons  towards  defraying  the  costs  incurred  by 
the  Commission  were  28.  3d  when  loading  at  Sulina,  and  38. 
when  loading  up  the  river.  Owing  to  the  increase  in  tonnage, 
these  have  since  been  reduced  to  1«.  and  l8.  6cZ.  for  ships  of  over 
1000  tons,  these  being  the  maximum  rates.  For  smaller  vessels 
the  rates  are  less. 

The  depth  of  the  channel  over  the  greater  part  of  the  Sulina 
branch,  from  the  piers  to  its  junction  with  the  main  river  at 
St.  George's  Chatal,  was  not  more  than  from  7  to  8  feet.  It 
was  impeded  by  large  shoals  deposited  during  heavy  floods, 
especially  in  those  parts  of  the  channel  which  were  abnormally 
wide ;  and  also  in  the  long  straight  reaches,  where,  instead  of 
following  along  one  bank,  as  in  the  curves,  the  current  meandered 
over  the  whole  area  of  the  river-bed  from  bank  to  bank.  Shoals 
were  also  frequently  formed  at  the  points  where  one  curve 
changed  into  another.  These  shoals,  formed  in  floods,  diminished 
in  the  low- water  season. 

The  navigation  was  also  impeded  by  the  numerous  bends  in 
the  channel,  no  less  than  eleven  existing  in  the  course  of  52 
miles,  their  radius  varying  from  800  to  1000  feet.  Those  having 
a  radius  of  1600  feet  were  not  found  to  interfere  with  the 
navigation. 

In  1870  a  cut  was  made  between  the  twenty-third  and 
twenty-fourth  mile,  which  shortened  the  course  upwards  of  a 
mile,  and  did  away  with  three  of  the  sharpest  bends.  The 
length  of  this  cutting  was  1900  feet;  its  bottom  width  180  feet, 
and  depth  16  feet  below  sea-level.  This  cutting  was  widened 
in  1876  to  a  bottom  width  of  260  feet,  and  at  the  water-line 
of  300  feet. 
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At  the  upper  end  of  the  Sulina  channel,  a  shoal  in  the 
Tulcha  branch  near  Ismail  Chatal  was  permanently  removed 
by  a  carved  dyke  of  rubble  stone  1400  feet  in  length,  con- 
nected to  the  shore  at  the  Chatal  by  a  straight  groyne  600  feet 
long. 

The  width  of  the  upper  part  of  the  branch  varied  from  500 
to  800  feet,  and  that  of  the  lower  half  from  600  to  750  feet 
Shoals  existed  wherever  the  width  exceeded  500  feet,  and  it 
was  therefore  determined  to  limit  the  river  to  the  width  that 
Nature  indicated  as  most  likely  to  give  a  depth  of  15  feet 
Experience  also  showed  that  dredging  alone  was  inadequate 
to  ensure  permanent  improvement,  as,  owing  to  the  vast  amount 
of  detritus  carried  in  suspension,  as  well  as  to  the  sand  rolled 
along  the  bottom,  the  velocity  in  the  wide  part  was  not  sufficient 
to  remove  this  from  the  river.  The  channel  was  therefore 
contracted  in  the  widest  places  by  groynes  to  400  feet  in  the 
upper  part  and  500  in  the  lower  part,  followed  up  by  longi- 
tudinal walls. 

Two  hundred  and  fifty  groynes  were  constructed,  many  of 
which  are  now  entirely  incorporated  with  the  land  accreted 
where  they  were  placed.  The  groynes  were  built  at  right 
angles  to  the  river-bank  on  the  convex  side.  In  places  where 
the  current  had  a  tendency  to  impinge,  the  distance  between 
them  was  the  same  as  the  width  of  the  river  after  its  contraction. 
In  straight  reaches  the  distance  was  double  the  width  of  the 
channel.  These  groynes  were  constructed  in  the  following 
manner :  Piles  were  first  driven  20  feet  apart,  the  tops  being 
level  with  the  river-bank,  and  the  head  pile  2  to  3  feet  higher,  to 
indicate  the  centre  line  and  the  position  of  the  groyne  in  high 
floods.  They  were  built  to  4  feet  above  sea-level,  with  slopes 
of  1  to  1,  and  top  width  4  feet.  The  material  used  was  reed 
or  willow  fascines  mixed  with  clay  dredged  out  of  the  river, 
bound  together  with  iron  wire,  and  protected  with  rubble 
stone. 

In  1882  a  new  cut  was  made  at  St  George's  Chatal  to 
improve  the  entrance  from  the  Tulcha  branch,  which  was 
constantly  shoaling  in  floods.  This  cut  was  3300  feet  long, 
24  deep,  giving  16  feet  at  low  water,  and  was  made  to  a  bottom 
width  of  300  feet,  with  slopes  1^  to  1  and  1  to  1,  and  involved 
the  excavation  of  over  a  million  cubic  yards  of  clay  and  sand, 
which  was  removed  by  dredgers,  floating  tubes,  and  hopper 
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barges.  It  did  away  with  two  sharp  bends,  and  shortened  the 
course  2900  feet 

Nine  of  the  worst  shoals  have  been  successfnUy  dealt  with  ; 
three  cut-offs  have  been  made,  by  which  the  river  has  been 
shortened  2  miles ;  eight  of  the  worst  bends  have  been  entirely 
suppressed ;  and  a  length  of  stone  revetment  to  protect  the  banks 
has  been  constructed. 

Upwards  of  21  miles  of  revetments  have  been  constructed  to 
prevent  undue  scour  produced  by  the  narrowing  of  the  river. 
These  revetments  consist  of  a  layer  of  rubble  stone  carried  from 
the  bottom  of  the  river-bank  to  the  water-line,  where  a  berm 
6  feet  in  width  was  formed,  the  bank  above  being  cut  to  a 
regular  slope  varying  from  l^tolto2tol.  The  slope  is 
covered  with  roughly  levelled  rubble  having  a  thickness  of 
1  to  2  feet.  In  soft  sandy  places  willow  fascines  have  been 
used  for  protection. 

The  permanent  shoals  of  hard  material  were  removed  by 
dredging,  and  free  material  was  also  removed  at  times  to  give 
temporary  relief  to  the  navigation.  The  total  quantity  dredged 
up  to  1890  was  over  5  million  cubic  yards,  which  was  removed 
by  1  bucket  ladder  dredger,  10  hopper  barges  of  100  tons 
capacity,  2  tugs,  and  1  suction  dredger;  the  cost  of  dredging, 
including  transport  2  miles,  was  4*01  lc2.  with  the  bucket 
dredger,  and  2'402€2.  with  the  suction  dredger.  The  allow- 
ance to  cover  cost  of  plant  was  estimated  at  l'098c2.  per  cubic 
yard. 

By  the  training  works  the  channel  is  now  so  regulated  that 
shoaling  rarely  occurs  even  after  floods,  and  a  steady  depth  of 
17  feet  throughout  is  maintained. 

The  total  cost  of  the  works  on  the  Sulina  branch,  including 
the  training  and  new  cuts,  up  to  the  end  of  1890  was  £424,242. 

Between  the  eighth  and  eighteenth  mile  from  the  piers  the 
river  makes  a  great  detour,  in  which  are  sharp  bends  with  a 
radius  of  from  1000  to  1200  feet.  These  are  found  to  give 
trouble  to  long  steamers^  and  hinder  the  progress  of  the 
drifting  ice.  In  June,  1890,  a  new  straight  cut  between  these 
points  was  commenced,  which  will  shorten  the  distance  4|^  miles. 
The  length  of  the  cut  is  5^  miles,  and  6^  million  cubic  yards  of 
material  will  have  to  be  dredged.  It  is  expected  that  the  cut 
will  be  completed  in  1895. 
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"The  Danube,"  by  Sir  Charles  Hartley,  in  Lectures  on 
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Equivalent  English  Words  for  French  Htdrauuo  and 

Nautical  T£rm& 

Amontj  the  apper  part  of  a  riyer.     En  amoni,  up  a  river. 

Amplitude^  height  (of  the  tide). 

Argile^  clay ;  Dutch,  klei. 

Arue^  an  inlet,  or  small  bay. 

Aval,  the  lower  part.     En  aval,  down  a  river. 

Bahard,  port  or  left  side. 

Balise,  a  beacon  or  buoy. 

Barrctge^  a  weir  or  dam. 

Barre^  bar  at  the  mouth  of  an  estuaiy. 

Btufondj  a  shoal. 

Bassin,  wet  dock. 

Boie^  a  creek. 

Bord,  the  shore. 

Bouehe  de  riviere^  mouth  of  the  river. 

Bofte,  mud, 

B<mSe,  buoy.   • 

de  aauvetage,  life-buoy. 

Boueux,  oozy  or  muddy. 

BouffSe  de  vent,  gust  of  wind. 

Brasse,  a  fathom ;  Dutch,  vaden. 

Brisants,  breakers  or  surf;  Dutch,  hreekers. 

BrouiUardf  fog. 

CaiUoux,  pebbles. 

Chenal,  channel ;  Dutch,  kanacd, 

Chutey  fall.     Chute  d^eau,  waterfall. 

CSte,  coast,  seashore. 

Cote^  figure,  number. 

CotS,  side,  beam  end. 

sans  le  vent,  lee  side. 

du  large,  offing. 


APPENDIX  II.  431 

(hwanty  ctirreiit  or  stream. 
Orue^  flood,  freshet. 

D&>arcadhre,  landing-place. 

DSbit^  discharge,  quantity  of  water  a  channel  will  convey. 

Deblais,  excavation. 

DSpSt,  deposit  (of  alluvial  matter  or  sand). 

DSrive^  drift  or  leeway. 

DerocheTy  to  break  up  rock. 

Digues,  embankment,  dyke,  or  training  wall ;  Dutch,  dijk. 

Draggage,  dredging. 

Drogue^  dredger. 

Douce  eau,  fresh  water. 

EaUf  water. 

de  mer,  salt  water. 

,  douce  orfraiche,  fresh  water. 

Eau  grande,  high  flood. 

fitorte,  neap  tide. 

fwe,  spring  tide. 

^chelle,  scale. 

hydromeirtque^  gauge. 

JEcluae,  lock  of  a  canal. 

Ecoulement,  efflux. 

J^cueily  shoal. 

Est,  east. 

J^taUy  slack  of  the  tide. 

Jatiage,  low-water  mark,  low  water  in  a  river  as  compared  to  the 

height  in  freshets. 
avitSe,  berth  for  a  vessel,  swinging-room. 
Eviter,  to  swing  a  vessel. 
a  la  marie,  to  stem  the  tide. 

Falaise,  cliflf. 

Fanal,  a  beacon  light. 

jfixSe,  fixed  light. 

de  port,  harbour  light. 

,flotafU,  light-vessel. 

,  toumant,  revolving  light. 

Fascine,  a  faggot,  training  work  in  a  river  formed  with  faggots. 
Flot,  flood-tide.    Demi-flot,  half-tide,  wave,  surge. 
Fond,  bottom.    Bos  fond,  a  shoal.    Hautfond,  a  shoal. 
Froitement,  friction. 
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Gaiety  shingle. 

Ooufiment,  swelling  (of  the  tide). 

Graffier,  graveL 

Oriffe,  grab  (of  dredger). 

HatUfond^  sbocd. 
Havre,  harbour,  port. 

Juaant,  ebb  tide. 

Large,  or  cdte  du  large^  offing. 
Largeur,  width. 

Ligne  de  sonde,  sonnding-line,  lead-line. 
Lit,  bed  of  (a  river  or  the  sea). 
Loch,  log. 

,  livre  de,  log-book. 

-! — ,  Jeter  le,  to  heave  tbe  log. 

Maigres,  sboals. 
MarSe,  tide. 

,  haide,  high  tide. 

,  basse,  low  tide. 

-,  arrStante,  slack  of  tide. 

>,  montante,  rising  tide. 

-,  deseendante,  falling  tide. 


Marque  de  mer,  sea-mark. 
Mer,  the  sea. 

,  coup  de,  a  billow. 

,  gros  coup  de,  heavy  sea. 

Mouillage,  anchorage,  navigable  depth  of  water. 

MouiUe,  deep  water. 

Marais,  marsh. 

Mascaret,  bore  or  tidal  wave. 

Nseud,  knot 

Naufrage,  wreck. 

Niveau,  level  (of  high  or  low  water). 

de  Veau,  water-line. 

des  eaux,  water-mark. 

de  basse,  low-water  line. 

moyen  de  la  mer,  mean  level  of  the  sea. 

Nord,  the  north. 

Orage,  storm. 


APPENDIX  IL  433 

Oti(26,  wave. 
Otteste^  west. 

PerUe^  slope  of  the  surface. 
Phare,  lighthouse. 

^flamhayantj  flashing  light. 

Piedy  a  foot. 

Pilot,  pile,  pilotage,  pile-work. 

Pilote,  pilot. 

bateau,  pilot-boat. 

Planchet  plate  of  illustrations. 
Port,  port,  wharf,  quay. 

de  mer,  seaport. 

,  aurgir  a,  to  land. 

Pouce,  an  inch. 
Profondeur,  depth. 

Sade,  roadstead. 

Bemorqtieur,  tug-boat,  boat  used  for  traction  by  chain  or  wire  in 

canals. 
Bivage,  beach. 

80U8  le  ventf  lee  shore. 

Bive,  bank  of  a  river. 
Biviere,  river. 

Sable,  sand. 

,  mobile,  shifting,  or  quicksand. 

,  v<ueaux,  sand  mixed  with  mud  silt. 

Sablouy  fine  sand. 

Salure,  saltness,  salt  water. 

Seau,  bucket  of  a  dredger. 

SeuU,  sill  of  a  look,  hard  shoal  or  bar. 

Siffl^t  de  brouUlard,  fog-whistle. 

Bondage,  sounding. 

Sonde,  ligne  de,  sounding-line. 

Sender^  to  sound. 

Sous  le  vent,  lee  side. 

Sud,  south. 

Terrefirme^  mainland. 

Thalweg,  the  line  of  deepest  water  in  a  channel,   the  navigable 

channel  in  a  river. 
Tirant,  draught  of  a  vessel. 

2f 
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TonJke^  hauling-line  or  rope,  a  warp. 
Towaage^  tonnage. 
Towne^  can-buoy. 
TrevAly  a  winoh. 

Yague^  wave, 

,  grandey  high  wave. 

Vase,  silt. 

VetUj  wind. 

alizS,  trade  wind. 


-  ious  le  vent,  to  leeward. 
~  afi  venty  to  windward. 
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English  and  Foreign  Measures. 


English 
feet. 

£ngU9h 
statute 

Kilometres. 

Number  of 
to  a  degree 

miles. 

ofUtltade. 

Nautioal  mile 

•  • 

6076-98         1-1609 

1-8616 

600 

Admiralty  mile 

•  • 

6080-0 

1-1616 

Statute  mile 

• « 

6280-0 

►          1-0 

1-6089 

69-06 

Irinh  mile 

• « 

6720-0 

1-2728 

2-0477 

64-26 

Sootoh  mile 

•  • 

6952-0 

1-1273 

1-8137 

61-26 

Kilometre 

•  • 

3281-0 

0-6214 

1-0 

111-10 

Yards.                Statute  miles. 

League,  Frenob, 

marine 

■  • 

6086 

3-46 

»»          » 

land 

■  ■ 

4861 

2-76 

„       Portuga] 

•  • 

6760 

3-96 

„       Spain 

•  • 

7416 

4-21 

„       Holland 

•  ■ 

6396 

3-64 

Li,  China     .. 

varies  from 

0-22  to  0-36 

English  mile 

Archine,  Bussia 

2*333  feet 

Sagene, 

7  feet 

Verst, 

1067  metres 

=  0-6628  Epglish  mile 

1  pik.  Turkish 

26-626  inches 

1    »»    Egyptian 

22  to  27     „ 

1  palm,  Italy 

0-732  foot 

1  brace  or  cubit, 

Florence 

1-66     „ 

Fathom 
Cable 


Nautical  Measures. 

6  feet. 

608  feet  =  ^  nautical  mile 


Knot  one  nautical  mile  an  hour 

1000  fathoms  are  generally  taken  as  equal  to  1  nautical  mile. 
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Sashine,  Bussian 

Brasse,  Old  French 

Metre,  reoent     „ 

Favn,  Danish  and  Norwegian 

Famn,  Swedish 

Vaden,  Dutch 

Elle,  Dutch,  reoent 

Braoa,  Portuguese 

Faden,  German 

Metro,  Spanish 


SDgliih 
feet. 

Redprocal 

forKogUsb 

fitthoms. 

6-0 

1-0 

6-329 

0-881 

3-281 

0-547 

6-175 

1-0292 

6-843 

0-974 

6-676 

0-929 

3-281 

0-547 

6004 

1-0 

5-906 

0-984 

3-281 

0-547 

Millimetre 
Centimetre 
Decimetre    . . 
Metre 


>» 


Kilometre    . . 

Nodud 

Litre  (1  cubic  decimetre) 

Hectolitre  (100  litres) 
Gramme 


99 


Kilogramme 
Tonne 


99 


Square  metre 


99 


Cubic  centimetre   . . 
Cubic  metre  (st^re) 


99 


Metrical  Measures  and  Beciprocals. 

EquiTalent 
inBngland. 

0-03937  inch 

0-39371     „ 

o*«/071        „ 

8-2809  foot 

1-0936  yard 

0-6214  mile 

1093-633  yards 

6086  yards 
1-7607  pint 
0-220  gallon 
22-0096  „ 
15-43267  grains 
0-035273  oz.  avd. 
2-20486  lbs.      „ 
2204-621  lbs. 
0-9842  ton 
10*7643  square  feet 
1*1936  square  yard 
0*061  cubic  inch 
35-3165  cubic  feet 
1-308  cubic  yard 


Reciprocal. 

25-399 

2*5399 

0*2540 

0-3048 

0-91438 

1*6093 


0-56793 
4-54345 
0*45434 
0-06479 
28-3439 
0-4536 


0*0929 

0*83609 

16-386 

0-283 

0*7645 


Pint  of  water 


99 


Gallon  of  water 


99 
99 


0-02005  cubic  feet 

weighs  1-25  lb. 

weighs  10  lbs. 

measures  277*27384cubic  inches 

0*16061  cubic  foot 
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Grallon  of  sea- water  weighs  10*20  lbs. 

Cubic  inch  of  water  ..         0*0036  gallon 

Cubic  foot  of  water  at  eo""  62*32  lbs. 

„  generally  taken  as  62*5  lbs. 

0*0279  ton 
6*2355  gallons 

Cubic  yard  of  water  1687*5  lbs. 

„  0-756  ton 

35*84  cubic  feet 
224  gallons 
0*985  English  ton 
•0166  hour 


♦« 


f  f 


i» 


»> 


Ton  of  water 


)9 


Cubic  metre  of  water 
Minute 


»» 


jj 


9} 


»> 


»9 


« 


Feet  per  second  into  miles  per  hour 

Feet  per  minute 

Metres  per  second 

Metres  per  minute 

Kilometres  per  hour  into  feet  per  second 

Feet  per  second  into  knots  per  hour 

Nautical  miles  per  hour  into  statute  miles 

Price  per  cubic  metre  to  price  per  cubic  yard 

To  change  grains  in  100,000  parts  to  grains 

per  gallon 
To  find  increased  draught  of  a  vessel  passing 

from  salt  to  fresh  water,  multiply  draught 

bv 


Hnlfclpller. 
0*682 

0*01137 

2*2363 

0-03727 

0*9114 

0-592  • 

1-1509 

0-914 

0*7 


1*029 


Reciprocal. 

1-467 

88 

0-447 

26*82 

1-097 

1-690 

0*8688 

1-095 


0*972 


To  convert  metrical  measures  into  English,  multiply  by  the  figures 
given  in  the  first  column  of  the  table  of  metrical  measures;  and  to 
convert  English  into  French  measures,  multiply  by  the  reciprocal 
numbers  in  the  second  column. 
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Abbreviations  used  in  the  English  Admibaltt  Charts. 


Anchge.,  anchorage. 
B.,  bay. 
B.,  black. 

B.  W.V.S.,  black  and  white  vertical 
stripes  (near  a  buoy). 

B.  W.  H.  8.,  ditto  horizontal. 
Baty.,  battery. 

Bk.,  bank* 

C,  cape. 

G.  G.,  coast-guard. 

Gath.,  cathedral. 

Gh.,  church. 

Ghan.,  channel. 

Gheq.,  chequered  (near  a  buoy). 

Gold.,  coloured. 

Gr.,  creek. 

E.  D.,  existence  doubtful. 

Fig.  Lt.,  floating  light. 

Fms.,  fathoms. 

Ft.,  feet  or  foot. 

a,  gulf. 

Gt.,  great. 

H.,  hour. 

Hd.,  head. 

Ho.,  house. 

Hr.,  harbour. 

n.  S.,  horizontal  stripes  (near  a 

buoy). 
H.  W.,  Idgh  water. 
H.  W.,  F.,  and  G.,  high  water,  full, 

and  change. 
I.,  island. 


Is.,  Islands. 

En.,  knots. 

L.,  lake. 

Lat.,  latitude. 

Long.,  longitude. 

Lt,  light. 

Ditto,  horizontal. 

Lt.  Alt,  light  alternating. 

Lt.  F.  Fl.,  light  fixed  and  flashing. 

Lt.  F.,  light  fixed. 

Lt.  Fl.,  light  flashing. 

Lt.  Int.,  light  intermittent. 

Lt.  Occ.,  light  occulting. 

Lt.  Bev.,  light  revolving. 

L.  W.,  low  water. 

M.,  nautical  mile. 

Magn.,  magazine. 

Maga,  magnetic. 

Min.,  minutes  (near  a  light). 

Mt.,  mountain. 

Np.,  neaps. 

Obsn.  Spot.,  observation  spot  +. 

P.,  port. 

P.  D.,  position  doubtful. 

Pk.,  peak. 

Ft.,  point. 

E.,  river. 

R.,  red  (near  a  buoy). 

Rf.,  reef. 

Bk.,  rock. 

Sd.,  sound. 

Sec,  seconds  (near  a  light). 
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Sh.,  Bhoal. 
Sp.,  spriDgs, 
Str.,  strait. 
Tel.,  telegraph. 
Varn.,  variatiou. 


b.,  blue, 
blk.,  black, 
br.,  brown, 
brk.,  broken 
c,  coarse, 
cl.,  clay, 
crl.,  ocjral. 
<].,  dark, 
f.,  fine, 
g.,  gravel, 
gl.,  globigerina. 
gn.,  green, 
grd.,  ground. 

gy-»  gray. 

h.,  hard, 
m.,  mud. 


Vil.,  village. 

Vis.,  visible  (near  a  light). 

V.  S.,  vertical  stripes  (near  a  buoy). 

W.,  white  ,9 

W.  PL,  watering-place. 


Nature  of  the  Bottom, 

oys.,  oysters, 
oz.,  ooze, 
peb.,  pebbles, 
pt.,  pteropod. 
r.,  rock, 
rot.,  rotten. 
8.,  sand, 
sft.,  soft 
sh.,  shells, 
spk.,  speckled, 
st,  stones, 
stf.,  stiff, 
w.,  white, 
wd.,  weed, 
y.,  yellow. 


All  soundings  in  feet  or  fathoms  below  mean  low  water  of  ordinary 
8piing  tides. 

Underlined  figures  indicate  feet  above  low  water. 

Velocity  of  the  tide  is  expressed  in  knots ;  the  period  of  the  tide 
being  shown  thus :  1st  Qr. ;  2nd  Qr. ;  3rd  Qr. ;  4th  Qr. ;  Qr.  stand- 
ing for  quarter. 

Bise  of  the  tide  is  measured  from  mean  low  water  of  ordinary 
spring  tides. 

Bauge  of  the  tide  measured  from  the  low  water  of  one  tide  to  the 
high  water  of  the  following  tide. 

All  bearings  are  magnetic. 

Bearings  of  lights  are  given  as  seen  from  seaward. 


APPENDIX    V. 

Notation  adopted. 

V  =  mean  velocity  in  feet  per  second. 
A  =  area  of  the  croBS-seotion. 
P  =  perimeter  or  wetted  contour. 

E  =  hydraulic  mean  depth,  or  the  area  divided  by  the  perimeter,  p 

S  =  sine  of  the  slope,  or  the  length  divided  by  the  fall ;  thus  1  foot 

per  mile  =  z^* 
D  =  depth  of  channel  in  deepest  part. 
B  =  width  at  surface  of  water. 
Q  =  discharge  in  cubic  feet  per  second. 
C  =  a  number  to  be  determined  by  experiment. 
F  =  fall  in  feet  in  one  mile. 

All  units  of  length,  time,  and  weight,  unless  otherwise  expressed, 
are  in  English  feet,  seconds,  and  pounds. 
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Datum  Marks  and  Mean  Level  of  Sea. 

The  datum  used  in  England  is  the  datum  of  the  Ordnanoe  Survey, 
or  adopted  mean  sea-level  at  Liverpool. 

The  figures  are  principally  obtained  from  the  third  report  of  the 
Committee  of  the  British  Association  appointed  to  consider  the  tabu- 
lation and  comparison  of  datum  marks  (Report,  1879) ;  the  ''  Compte 
Eendu  Association  Fran9ai8e  pour  Tavanoement  des  sciences/'  1890 
(L'unification  des  altitudes  et  le  niveau  des  mers  en  Europe) ;  and 
the  Ordnance  Survey  of  England. 

The  figures  in  the  table  refer  to  a  datum  taken  100  feet  below 
Ordnance  datum. 

Feet. 

English  Ordnance  datum  :  mean  sea-level  at  Liverpool  100*00 

Trinity  high-water  standard  :  Thames  datum  112*50 

Irish  Ordnance  datum  (approximately)  92*54 
French    datum    (approximately):     zero     du     Nivellement 

(Bourdaloue)  mean  sea-level  at  Marseilles  100*00 

Belgium:  zero  du  dep6t  de  la  Guerre  ..  93*50 

Holland :  Piel  d' Amsterdam,  A.P 100*93 

Avonmouth :  inner  sill  of  lock  at  channel  dock  92*50 

Barrow :  outer  sill  Bamsden  Dock  82*75 

Belfast:  harbour  datum  95*46 

Birkenhead :  outer,  entrance  Alfred  Dock  83*33 

Bristol :  sill  of  Cumberland  basin        89*42 

Boston :  dock  sill             88*46 

„        Black  Sluice  sill  (drainage  datum)  ..  91*30 

Clyde :  Clyde  datum 113*81 

CardiflF:  sill  of  sea  gates,  Bute  Dock 89*28 

Dublin :  North- Wall  standard 93*97 

Dee:  Cheshire,  zero  tide-gauge  Chester  (Dee  standard  is  15 

feet  above  zero  of  this  gauge)  101*38 

Dee :  Aberdeen,  sill  Victoria  Dock 85*38 

Dover  :  zero  of  tide-gauge,  Admiralty  pier 91*30 
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Dundee  :  sill  William  IV.  Dock 
Fleetwood  :  datum  of  dock 

Garston  :  sill  of  dock 

Glasgow.    See  Clyde. 

Goole :  lower  sill  of  old  outer  ship  lock 

Grimsby  :  Royal  Dock  sill 

Hartlepool :  Old  Dock  sill 

Harwich :  zero  tide-gauge 

Holyhead :  zero  tide-gauge 

Hull :  Victoria  Dock  sill 

King's  Lynn :  Free  Bridge  datum 

„        „       sill  of  dock 
Liverpool:  Old  Dock  Kill 
Leith:  sill  of  old  dock    .. 
London:  Trinity  high- water  standard 
Lowestoft:  zero  tide-gauge 
Nene :  Nene  valley  drainage  datum 

„       Sutton  Bridge  and  North  Level  sill,  1830 
Newhaven :  zero  of  tide-gauge  . . 
Ouse,  Yorkshire :  zero  of  tide-gauge     .. 
Ouse,  Bedfordshire.    See  King's  Lynn. 
Piel :  zero  of  tide-gauge 
Portishead  :  outer  sill  of  dock   . . 
Portland:  Admiralty  datum 
Preston:  dock  sill 
Portsmouth:  sill  of  No.  6  Dock 
Queenstown  :  Haulbowline  Island,  floor  of  graving-dock 
Kamsgate:  zero  of  tide-gauge  .. 
Kibble.     See  Preston. 
Sheemess  :   zero  of  tide-gauge  . . 
Shoreham :         „  y, 

Southampton :  coping  of  dock  . . 
Swansea :  sill  of  lock,  East  Docks 
Tay.    See  Dundee. 
Tees:  datum 
Tyne :  G.  Bonnie's  datum 
Wear:  Bonnie's  datum  .. 
Welland :  zero  Fosdyke  Bridge  gauge 
Whitehaven:  zero  of  gauge 
Witham.    See  Boston. 
Widuess:  sill  old  dock    .. 
Yarmouth :  zero  of  gauge  at  bridge 


Feet. 

92-82 
87-63 
90-42 

96-18 
85-00 
86-64 
93-00 
89-45 
85-67 
94-63 
89-05 
96-33 
90-97 
112-50 
86-50 
74-17 
94-18 
91-97 
96-00 

86-00 
38-14 
98-43 
86-00 
93-34 
70-24 
88-28 

101-44 
92-25 

112-50 
85-54 

16-15 
108-94 
107-60 
10000 

95-25 

101-83 
96-11 
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The  following  table,  compiled  by  M.  LaUemand,  is  taken  from 
the  '*  Compte  rendu  Association  Fran9aise  pour  Tavancement  des 
Sciences,"  1890.  The  figures  will  be  found  to  vary  in  several  in- 
stances, especially  those  in  the  English  Channel,  from  those  formerly 
adopted,  and  which  are  referred  to  in  the  tables  given  by  the  com- 
mittee of  the  British  Association  on  datum  level  in  1879  (see  p.  15). 


Tableau  donkant  les  altitudes  de  quelques  mers  Eubop£enmes  par 

RAPPOBT  AU  niveau  HOYEN  DE  LA  MtDFrEBBAITiE  A  MARSEILLE. 


Cotes  de  Niveau  moyen 

par  rapport  au  niveau 

moyen  actuel  de 

MaraeiUe. 

d'aprda  les  plus 

rtontes  optoitlons. 

Centimetres. 

Men.                                        Postes  d'oteervation. 

Trieste 

..      +    2 

1                   Adriatique  ( 

Venice 
Porto-Corsini 

..      -    5 
..      -    4 

I  Ancdne 

..      -    8 

/  Livoume 

..      -    6 

Spezzia 
GSnes 

..      -    1 

..      -    5 

Mediterran6e 

Savone 

Nice  (m6dimar6metre) 
Marseille  (mardgraphe  totalisateur) 
Cette  (m4dimar6m6tre) 
\  Port-Vendres  (id,)  .. 

..      -    2 
..      -    6 
..      -    0 
-    0 
..      -h    3 

Oc4an 
Atlantique 

<  St.  Jean-de-Luz  (le  Socoa)  (t'A) 
Biarritz  (m6dimarem6tre) 
Les  Sables-d'Olonne  (id.)  .. 
Quiberon  (id.) 
Camaret  (id.) 
Brest 

..      -f  15 
-hl3 
-20 
..      -    1 
..      -    9 
..      +    2 

I  Cherbourg    .. 
Manohe  /  Le  Havre     .. 

..      +    5 
..      +    1 

Boulogne  (echelle  de  maree) 

..      -    0 
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Men. 


Posies  d'observation. 


/  Ostende 

Flessingen    .. 

Bromvershaven 

Ymuiden 

Helder 

1,^      -I    iLT    3  1  Staroven  (Zuiderzee) 
Mer  du  Nord  (  ^^^^^^  ^..^ ^ 

Nykerk  (id.) 
Amsterdam  (td.) 
Holingen 
Delfzijl 
Cuxhaven 

(  Travemunde 
Varnemtinde 
Swinemtinde 
Neufahrwasser 
Fillau 


I 


Baltique  ( 


Ookes  de  Niveau  moyen 
par  rapport  aa  nlToan 
moyen  actael  de 
MarBeille. 


d'aprte  lea  plus 
rentes  opirationa. 
CSentimetree. 


-16 

-  7 

-  8 

-  6 

-  4 
+  6 
+  7 
+    5 

-  1 

+    1 

-  1 

-  3 

-  9 

-  4 

-  2 

-  1 

-  8 


Variation  at  Plages  on  the  English  Coast  in  the  Mean  Level  of 
THE  Sea  from  the  Datum  adopted  at  Liverpool  for  the  Ordnance 
Survey. 


Hull    .. 

Sunderland 

Southampton 

Ramsgate 

Shields 

Lowestoft 

Sheemess 

Lynn  Cobb 

Grimsby 

Norwich 

London  Bridge 


Mean  Level  of  Sea, 


Above. 
Feet. 

0-038 
0-064 
0-141 
0-324 
0-340 
0-732 
0-798 
0-840 
1-164 
1-233 
1-790 
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Mean  Leod  of  Sea. 


Weymouth 
Pembroke 
Holjhead 
Torquay 

Berwick 

Scarboro' 

Portsmouth 

Shoreham 

Weston-super-Mare   .. 

Penzanoe 

Liverpool  (local  datum  obtained  from  self- 

Falmouth 

Plymouth 

Silloth 


register  gauge 


) 


Below. 
Feet. 

0-089 
0-096 
0-188 
0-217 
0-233 
0-261 
0-316 
0-348 
0-461 
0-529 
0-646 
0-650 
0-651 
1-009 
1-283 
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Formula  fob  ascertaining  the  Mean  Velocity  of  Water  in  Bivsrs. 

For  notation  used,  see  Appendix  V. 
Ohezy —  _ 

V  =  CVKS 

The  value  given  to  C  by  Chezy  is  not  known. 

Eytelwein —  

V  =  1-3VFK  -  -11 

Beardmore —  

V  =  65VE  X  F  X  2 

for  velocity  in  feet  per  minute ;  which  for  seconds  is — 

V  =  -OieVE  X  F  X  2 
Stevenson —  

V  =  CV'E  X  F 
for  velocity  in  miles  per  hour ;  which  for  feet  per  second  is — 

V  =  CVB  X  F  X  216 

C  for  small  streams  under  35  cubic  feet  per  second,  0*65 ;  for  rivers 
discharging  2500  cubic  feet  per  second,  0*90. 

Ellet  (Mississippi) — 

V'x  -08  =  -80^3^  +  ^ 

V  =  surface  velocity. 
d  =  maximum  depth  of  river. 
Humphreys  and  Abbot  (Mississippi) — 

V  =  [(225B'S*)*  -  0-0388]« 

E'  =  the  prime  radius,  or  the  hydraulic  mean  depth  plus  the  breadth 
of  the  river  at  the  surface. 

A 

P  +  B 
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Eutter  and  Oanguillet.    Formula  reduced  to  English  measures 
as  given  by  Jackson — 

,    ^      1-811       0-00281 

41.6  4- H 

^     N    ^       S 
V  = 


/      ^      0-00281\  N 


N  =  coefficient  for  roughness,  which  for  rivers  having  their  banks 
in  good  order  and  free  from  irregularities  is  0*025 ;  for  rivers 
in  moderately  good  order,  0-030 ;  for  rivers  in  bad  order,  with 
deposits  and  pebbles,  0-035. 

Downing — 

V  =  0-92  V2Fg 

The  working  out  of  this  formula  is  deduced  from  the  following 
laws,  as  given  in  '*  The  Elements  of  Practical  Hydraulics  " : — 

1.  Friction  in  fluids  is  independent  of  pressure. 

2.  The  resistance  is  proportional  to  the  wetted  periireter  exposed 
to  the  action  of  the  water,  and  inversely  as  the  area  of  the  transverse 

section,  or  the  resistance  is  proportional  to  -^ 

3.  The  resistance  is  proportional  to  the  square  of  the  velocity 
nearly.  This  part  of  the  expression  for  resistance  is  represented  by 
CV^  C  being  determined  by  experiment, 

4.  Oravity  is  the  sole  force  which  produces  motion.  The  inclina- 
tion of  the  surface  of  the  water  enables  gravity  to  act.  The  measure 
of  this  force  is  ^  X  sin  t,  in  which  g  represents  the  measure  of  the 
force  of  gravity  at  the  earth's  surface,  being  the  rate  of  motion  of  a 
body  falling  freely  at  the  end  of  one  second  =  32-1098  feet  per 
second,  and  %  the  number  of  degrees  of  inclination  of  the  surface  of 
the  water  in  the  channel,  and  sin  %  the  ratio  of  the  height  fallen 

in  any  length  to  that  length,  or  :         .  =  7. 

length      I 

Then- 
Accelerating  force  =  J  X  f/ 


Therefore — 


Ketarding  force  =  ~  x  CV*  (1) 

A 


<?  X  7  =  I  X  C  X  V  (2) 

I       A 
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Simplifying  this  by  dividing  out  g — 


7  =  -  X  -  X  V«  (3) 


And  as  ^  is  constant,  put  -  -  C\ 

Solving,  then,  for  C — 

^      A      J^ 

;  X  p  X  ^,  =  C 

from  experiments  it  is  found  that — 

1 


(4) 


C  =  0-0001,  and  —  =  10,000 


Solving  for  V — 


000 


or 


V  =  100^^1 

V  =  100  Vsl 

Taking  for  I  one  mile,  and  putting  F  for  the  fall  in  that  length  in 
feet —  

V  =  100  X  ^^52^80  X  E 

=  -^xVPB 
72-66 

=  l-38VrR 
and  as  1*38  =  0*92  a/2,  by  substituting  this  value — 

V  =  0-92  V2rB  in  feet  per  second 
or,  for  feet  per  minute,  as  0*92  x  60  =  66-2 — 

V  =  65V2rR 

which  is  the  same  as  the  formula  given  by  Beardmore. 
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Table  SHOwiNa  Amount  of  Solid  Matter  in  Suspension  in  Rivers. 


River. 


Mersey — flood  tide 

ebb  tide 

Humber     ...        ... 

Ouse — Goole         

Trent — Torksey 

Stockwith 
Trent  FallB 

>»  ••• 

Humber — ^near  Albert  Dock 

Spurn  Point    ... 

Bibblo— flood  tide 


»» 


...        ••• 
..  •        ••• 


Liffey — calm 
rough 

Thames — Greenwich 

London  Bridge 
Tilbury  L.W.... 

Tilbury  Dock— outer  basin 

H.  W.     ... 

half  ebb ... 
Dee... 
Tees— floods 

ordinary     ... 


•••        ...        .•• 
...        ... 


Boston  Deepe 


... 


...       .»• 


Witham,  in  flood 

Welland— Fofldvke  Bridge 

Spalding 

Ordinary  flow... 


Solid  matter  in 

BtupeDsion 

in  one  cubic  foot 

of  water. 


lbs. 


0-284 


320 


12-9 

0-294 
2-945 
105 
1-947 


Sraina. 
100-36 


—       .     138-47 


299-04 

I  166-25 
261-87 
1905 

I  3150 
201-87 

'  185 
121*54 


97 

12-46 
37-38 

109-02 
16*82 

13519 


205-6 
50 

90 
100 
842-65 
710 

87-22 


7ISQ 


-} 


i 

i 


t 

1973, 


Remarks. 


Upper  estuary.    Dry 

weather. 
Evidence — Manches'ler 

Ship  OanaL 
Oldham. 

A.  F.  Fowler. 

Quarter  flood  (Wheeler). 
Half  ebb  do. 

Low  water  do. 

First  of  flood        do. 
High  water. 
Half  flood. 

Near  Lytham  (Wheeler). 
Half  flood,  10  feet  below 

sur&ce. 
Ditto  (Abemethy),  average 

of  flood  and  ebb. 
At  the  bar,  20  feet  below 

surface  (Mann). 

High  water  (Bazalgette). 

4  feet  from  bottom,  dredging 

machinery  at  work. 
28  feet  from  bottom,  do. 
18  feet,  da 

I^ast  quarter  ebb  (Taylor). 
Fowler. 

At  the   surface,  half  ebb 

(Wheeler). 
15  feet  below  surface  (do.). 
8  feet  below  surface  (do.). 
Strong  ebb  (do.). 
Deposit   being   stirred  up 

(Wheeler). 

2o 
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^11' 

Solid  matter  In 

s«S 

River. 

■iiq>eo8ion 

In  one  cubic  foot 

of  water. 

Proportli 
weight  of 
matter  to 

Bemarks. 

lbs. 

grains. 

vr  lou             ••■          •••          ••• 

^- 

1120 

3b 

Strong  ebb  (Wheeler). 

Ouae,  near  Denver 

"■" 

181 

vm 

From  snrfaoiB,  ordinary  flow 
(da). 

JrO     •••           •••           •••           ••• 

0*208 

207-45 

% 

Geike's  Geology. 
Gflika 

G^aionne     ...        ••.        ••• 

0-624 

— 

Geike. 

Tiber — ^mean,  6  years 

maximum,  6  years 

0-0746 
1-897 

_„. 

t) 

Shelford. 

Dorance — floods,  mean    ... 

1-87 

— 

it 

max.    •.. 

6-25 

— 

A 

mean    ...        ... 

— 

795 

ito 

MisBissippi —mean 

max.           ••• 

^— 

290-3 

nit/ 

Humphreys  and  Abbott. 

Danube — mean     

— 

147 

SJR 

Taken  from  the  surface. 

-. 

940 

Mean  of  ten  years. 

mln.      ...        •.. 

— 

6 

snoo 

Sir  G.  Hartley. 

Inawaddy — floods 

ordinary  flow 

~~ 

256-87 
76 

s 

Login. 

Godavery 

— 

— 

TTw 

Of  bulk. 

Nile— flood 

low  water   ...        ... 

^^ 

— ~ 

Sir  G.  Hartley. 

Ganges— floods     

0146 

— 

^ 

Geike. 

mean     ...        ••• 

— 

— 

4a) 

xnous         •..        ...        ... 

0-264 

— . 

Rhone— floods      

mean       

0-272 

i) 

At  Aries  (Geike). 

max.        ...        ... 

1*89 

— 

^ 

Greatest  recorded  (Geike). 

Khine         ...        ...        ... 

0-625 

— 

Tb 

In  Holland. 

„      flood           

■"~ 

338 

X 

At  Yerdiogen. 
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Compass  Bsabinos  and  Asgles. 


0  North      

1  North  by  east    ... 

2  North-north-east 

3  North-east  by  north 

4  North-east 

5  North-east  by  east 

6  East-north-east . . . 

7  East  by  north  ... 

8  East       ...        ... 

7  East  by  south   ... 
6  East-south-east... 
5  South-east  by  east 
4  South-east 

8  South-east  by  east 
2  South-south-east 

1  South  by  east    ... 

0  South     

1  South  by  west  ... 

2  South-south-west 

3  South-west  by  south 

4  South-west 

5  South-west  by  west 

6  West-south-west 

7  West  by  south  ... 

0  vV  est  ...  • . . 
7  West  by  north  ... 
6  West-north-west 

5  North-west  by  west 

4  North-west 

3  North-west  by  north 

2  North-north-west 

1  North  by  west  ... 
0  North     


InlUals. 


N. 

N.  by  E. 

N.N.E. 

N.E.  hv  N. 

N.B. 

N.KbyE. 

E.N.E. 

E.WN. 

E.byS. 
E.S.E.1 

S.E.byE. 

S.E. 

S.E.byE. 

S.S.E. 

S.  by  E. 

S. 

S.  by  W. 

S.S.W^. 

S.  W.  by  S. 

S.W. 

S.  W.  byW. 

W.S.W. 

W.  by  S. 

W 

W.byN. 

W.N.W. 

N.  W.  by  W. 

N.W. 

N.W.  bv  K. 

N.N.W. 

N.byW. 


Angle. 

o  » 

O   ' 

0  0 

— ^ 

11  15 

— 

22  30 

.. 

38  45 

45  0 

— 

56  15 

_ 

67  80 

_— 

78  45 

— 

90  0 

90  0 

10115 

78  45 

112  30 

67  30 

123  45 

56  15 

185  0 

45  0 

14G15 

38  45 

157  80 

22  80 

168  45 

1115 

180  0 

0  0 

191  15 

11  15 

202  30 

22  80 

218  45 

83  45 

225  0 

45  0 

286  15 

5615 

247  30 

67  80 

258  45 

78  45 

270  0 

90  0 

281  15 

78  45 

292  SO 

67  80 

308  45 

56  15 

815  0 

45  0 

826  15 

88  45 

837  30 

22  80 

348  45 

1115 

360  0 

0  0 

## 


}  point 

i 

1 


... 
... 
... 


... 
... 
•  •• 


2 
5 

8 


48  45 
37  30 
26    15 


...  11     15      0 
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Marking  of  the  Lead-Line. 


Fathoms 
Deeps. 

1 


Fathoms. 
Marks. 


4 

6 

8 
9 

11 
12 

14 

16 

18 
19 


2  Leather,  witli  two  ends. 

3  Leather,  with  three  ends. 

5  White  calica 

7  Eed  bunting. 


10    Leather,  with  a  hole  in  it. 


13     Blue  serge. 


15     White  calico* 


17     Red  bunting. 


20     Strand,  with  two  knots  in  it. 


APPENDIX   XI. 

Table  showing  the  Number  of  Vessels  entering  the  Principal 
Ports  op  Great  Britain,  their  Total  and  Average  Tonnage 
FOR  THE  Year  1891. 


Ports. 

Yesaelfl. 

Tons. 

Avenge 

1 
1 

toniuge. 

£!ngland. 

Barnstaple 

... 

... 

... 

... 

3,123 

181,990 

58-2 

Barrow 

... 

... 

... 

... 

1,811 

470,826 

259-9 

Beaumaris 

... 

... 

... 

... 

5,874 

1,227,308 

208-9 

Boston 

... 

... 

... 

... 

596 

101,867 

170-9 

Bridgewater 

... 

... 

... 

... 

3,227 

190,157 

58-9 

Bristol 

... 

... 

... 

... 

8,158 

1,301,544 

159-5 

Caernarvon 

... 

... 

... 

... 

1,606 

130,036 

80-9 

Oardiff      ... 

... 

.. .° 

... 

.  a  • 

13,383 

6,611,768 

494-0 

Carlisle     ... 

... 

... 

... 

..  • 

621 

103,345 

166-4 

Chester     ... 

... 

... 

... 

... 

2,657 

178,756 

67-2 

Colchester 

... 

... 

... 

... 

2,786 

156,155 

56-0 

Cowes 

... 

... 

... 

• 
... 

20,905 

1,733,337 

82-9 

Dartmouth 

... 

••• 

... 

... 

1,103 

122,178 

110-7 

Dover 

•  •• 

... 

... 

... 

3,892 

960,650 

246*8 

Falmouth ... 

... 

... 

... 

... 

1,600 

212,623 

132-8 

Faversham 

... 

... 

... 

... 

9,093 

422,997 

46-5 

Fleetwood 

... 

... 

..  • 

... 

1,710 

487,040 

284-8 

Folkestone 

... 

... 

..  • 

... 

1,346 

263,321 

195-6 

Fowey 

... 

... 

•.. 

... 

2,105 

230^3 

109-5 

Gloucester 

... 

... 

... 

... 

4,126 

481,685 

116-7 

Gkx>Ie 

•*. 

... 

... 

... 

2,176 

596,162 

273-9 

Grimsby    ... 

... 

... 

... 

.«. 

1,841 

760,141 

412-8 

Hartlepool 

... 

•.. 

... 

... 

2,794 

799,456 

286-1 

Harwich    ... 

... 

•.. 

•*. 

•  .• 

3,563 

702,044 

1970 

Hull 

... 

... 

... 

•  .• 

5,649 

2,590,811 

458-6 

Ipswich     ... 

... 

•.. 

•.. 

... 

3,561 

261,011 

73-2 

Lancaster ... 

... 

•*. 

... 

... 

737 

187,578 

186-6 

Liverpool  ... 
Llanelly   ... 

... 

... 

... 

... 

17,645 

8,628,832 

488-7 

... 

... 

•.• 

... 

1,082 

173,972 

160-8 

London     ... 

... 

... 

... 

... 

51,632 

18,216,946 

255-9 

Lynn         ... 
Maryport  ... 
Middlesboio' 

... 

... 

... 

... 

1,048 

180,734 

172-4 

.*• 

•.. 

... 

..' 

1,242 

220,583 

177-5 

... 

••• 

... 

... 

3,473 

1,405,036 

404-5 

Milford     ... 

... 

..  • 

... 

... 

1,625 

839,984 

209-2 

Newhaven 

... 

... 

... 

... 

1,660 

369,648 

222-6 

Newport   ... 

... 

..• 

..  • 

... 

7,966 

1,822,554 

228-7 

Penzance  ... 

•.• 

... 

... 

..• 

1,809 

227,642 

125-8 

Plymouth  ... 

... 

... 

••• 

•  •• 

3,604 

781,097 

216-7 

Poole 

... 

... 

... 

•  •• 

1,867 

148,280 

104-7 

Portsmouth 

... 

... 

•.• 

... 

14,828 

1,888,646 

96-7 

454 
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Pom 

I. 

VeaaeU. 

Tods. 

Avenge 
tonnage. 

Bnqla,ndL, 

Bamsgate ... 

... 

... 

... 

1,009 

171,781 

170-2 

Bochester.  ••. 

... 

... 

... 

8,433 

656,643 

77-8 

Bancom    ... 

... 

... 

... 

4,196 

320,889 

76-4 

Southamptou 

... 

... 

... 

10,394 

1,764,468 

169-7 

Stockton   ••• 

.* . 

. .« 

... 

803 

203,413 

253-8 

Sunderland 

... 

... 

... 

7,004 

2,436,294 

347-8 

Swansea    ... 

... 

... 

... 

5,896 

1,343,426 

227-8 

Teignmonth 

... 

... 

... 

735 

126,250 

171-9 

Tyno  Porta 

... 

... 

... 

16,779 

8,054,053 

480-0 

Weymouth 

... 

... 

... 

1,060 

164,911 

155-5 

Whitehaven 

•  ■  • 

... 

... 

2,070 

245,610 

118-6 

Workington 

. .  ■ 

... 

... 

1,599 

188,256 

117-7 

Yarmouth... 

... 

... 

. .  • 

1,292 

158,040 

122-3 

Sw^Oaind, 

Aberdeen  ... 

.  •  ■ 

... 

. « . 

2,799 

778,582 

2781 

Alloa 

... 

... 

... 

1,102 

182,066 

160-2 

ArdroBsan... 

... 

... 

... 

3,119 

827,761 

105-0 

Ayr 

... 

... 

... 

2,481 

344,753 

138-9 

BorrowBtoness 

... 

... 

... 

986 

260,457 

2641 

Campbeltown 
Dundee 

... 

... 

... 

1,146 

109,245 

95-3 

..  • 

... 

... 

1,287 

584,862 

454-4 

Glasgow    ... 

... 

... 

... 

9,025 

2,711,697 

300-4 

Grangemouth 

... 

... 

... 

2,253 

884,707 

392-6 

Granton    ... 

... 

... 

... 

510 

238,555 

467-7 

Greenook  ... 

... 

... 

... 

7,977 

1,605,559 

201-2 

Invemess  ... 

... 

... 

... 

8,533 

451,363 

127G 

Kirkcaldy... 

... 

... 

... 

2,610 

757,377 

290-1 

Kirkwall  ... 

... 

... 

... 

2,721 

252,506 

92-7 

Leith 

... 

... 

... 

3,749 

1,247,769 

332-8 

Lerwick    ... 

... 

... 

... 

862 

118,172 

1370 

Stomoway 

... 

... 

... 

1,427 

240,897 

1687 

Stranroer  ... 

... 

... 

... 

776 

154,154 

198-6 

Troon 

.  * . 

■  •  a 

... 

2,480 

260,518 

105-0 

Wick 

... 

... 

... 

1,107 

129,730 

117-1 

Irdoini, 

Belfast      ... 

... 

..  . 

... 

10,304 

2,161,155 

209-7 

Cork 

... 

... 

•  a. 

2,858. 

70^,286 

246-4 

Drogheda ... 

... 

... 

... 

557 

128,674 

231-0 

Dublin       ... 

... 

... 

... 

7,496 

2,187,859 

291-8 

Dnndalk  ... 

... 

... 

... 

687 

129,106 

187-9 

Limerick  ... 

... 

..  . 

... 

550 

166,901 

303-4 

Londonderry 

... 

... 

... 

1,611 

313,037 

194-a 

Newry 

... 

... 

... 

1,843 

270,218 

146-6 

Waterford... 

... 

... 

... 

2,030 

520,480 

2563 

Totals 

... 

359,650 

84,465,198 

234-8 

APPENDIX   XII. 

Table  SHOwma  the  Nuhbek  of  Vessels  belonging  to  the  United 

Kingdom,  jlnd  their  Average  Tonnage. 


Under  50  tons... 

•  •• 

•  •• 

Of     50  and  under  100  tone 

1... 

y.       100 

n 

200 

»> 

•  •• 

r,       200 

M 

800 

tt 

•  •• 

„     300 

n 

400 

n 

•  •• 

„     400 

n 

500 

a 

•  •• 

.,     500 

n 

600 

99 

•  •• 

„     600 

»» 

700 

»9 

•  •• 

H     700 

n 

800 

M 

•  •• 

H     800 

n 

1000 

»» 

•  •• 

.,  1000 

t9 

1200 

W 

•  •• 

^  1200 

» 

1500 

n 

•  •• 

„  1500 

tt 

2000 

9> 

•  •• 

„  2000 

n 

2500 

f} 

•  •• 

„  2500 

If 

8000 

»t 

•  •• 

„  3000  tons  and  above 

•  •• 

Totals 


Vessels. 

Tonnage. 

Percentage. 

4,787 

158,082 

27-76 

^..^ 

4,499 

319371 

2609 

53-85 

1,420 

206,908 

8-24 

62-09 

498 

128,341 

2-88 

64-97 

854 

123,301 

205 

6702 

871 

168,459 

2-15 

6919 

820 

176,080 

1-85 

7102 

317 

207,080 

1*85 

72-87 

370 

277,766 

215 

75-02 

711 

687,859 

412 

7914 

799 

879,202 

4-64 

83-78 

1.128 

1,518,564 

6-52 

90-30 

1,020 

1,751,254 

5*92 

96-22 

409 

903,848 

2-37 

98-59 

168 

458,510 

0-97 

99-56 

77 

260,416 

0*44 

100-00 

17,248 

8,164,541 

100^ 

Average  tonnage 
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Abbot,  Mississippi,  22 
Aberdeen,  bar  in  the  Dee,  145 

,  dredging  at,  254 

Abemethj,  J.,  Bibble,  395 

,  Boston  Dock,  404 

Accretion  in  estuaries,  196 

Adonr,  piers,  208 

Adnr,  diversion  of,  by  drift,  158 

^ger,  106 

Airy  on  Tides,  82 

Airy,  W.,  morement  of   materials    in 

water,  65 
Aide,  diversion  of,  by  shingle,  157 
Allavial  bars,  146 
■         matter,  weight  of,  62 
Amazon,  tides,  106,  108,  180 
Amsterdam  Ship  Canal,  32 

-,  dredging,  260 

■,  piers,  206 

-,  width,  181 
"  Annnaire  des  Marcos,"  11 
Astrolabe,  13 

Astronomer  Boyal,  first  appointment,  13 
Atmospheric   pressore,    effect    of,   on 

tides,  86 
Avon,  curves,  139 
-^— ,  tides  and  weir,  176 
Ayr,  dredging,  254 


B 


Baffin,  early  navigation,  35 

Bags  of  sand  for  training,  210 

Barometer  and  tides,  86 

Barry,  Wolfe,  Bibble  commissioner,  394 

Bars,  description  of,  143 

,  effect  of  freshets  on,  155 
^— -,  theories  as  to  cause  of,  152 
Bartholomew,  W.  H.,  river  Onse,  226 
Bartolotti,  laws  of  running  water,  1 
Banmgarton,  river  Garonne,  56 
Basin,  experiments  on  running  water,  9 
Beacons  for  rivers  and  estuaries,  303 

,  lights  for,  291,  296 

Beaidmore,  N.,  Manual  of  Hydrology,  21 


Beasley,  fascine- work,  400 

Bedford,  old,  river,  27 

Belcher,  chart  of  Bibble,  387 

Belfast,  dredging,  253 

Bell,  steam  navigation,  36 

Bilbao,  dredging,  258 

Blasting  rocks,  261 

^  Hell  Gate,  264 

Blind  channels,  389 

Blyth,  dredging,  254 

,  blasting,  263 

Boats.    See  Vessels 

Bold,  engineer  of  Clyde,  342 

Bore  in  tidal  rivers,  106,  180 

Borneman,  velocity  of  water,  49 

Bossuet,  the  Abb^,  experiments  on  flow- 
ing water,  6 

Boston  Deeps,  bar,  150 

,  effect  of  fresh  water,  36 

,  reclamation  in,  198 

—  haven,  dredging,  255 

Boulogoe,  dredging,  260 

Bonlton  i  Co.,  navigation,  36 

Bouncieau,  tidal  rivers,  19 

,  Seine,  38,  407 

,  Vire,  209 

Bourdaloue,  French  datum,  15 

Brazier,  chart  of  Bibble,  387 

Brazos,  river,  training,  223 

Breakwaters,  42 

Bremer,  engineer  of  Clyde,  342 

Brest,  tidal  observations,  11 

Bridgwater  Oanal,  31 

Brindley,  canals,  etc.,  31 

Bristol  Channel,  tides,  90 

British  Association  Beports,  16,  327 

Broadness  light,  296 

Brookes,  A.,  engineer  of  Tyne,  347 

,  on  tidal  rivers,  17 

Brown,  on  tidal  and  upland  waters,  51, 
175 

Brunlees,  J.,  Bibble,  395 

Buoys,  bell,  287 

,  description  of,  282 

,  electric,  289 

,  gas,  298 

,  regulations  as  to  the  colour  and 
shape,  279 
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Cable,  measure  of  length,  306 

Calais  harbonr,  moTement  of  sand  at, 

147 
Caland,  river  Haas,  33, 144 
Calyer,  Captain,  ohart  of  Ribble,  388 

1 i  curved  channels,  185 

— ,  principles  of  improvementi 


171 


-,  river  Tjne,  348 


and 


,  — ,  tidal  rivers,  18 

Canals — 

Aire  and  Calder,  373 

Amsterdam » 32 

American  Lakes,  34,  258 

BahrJosuf,  24 

Bridgwater,  30,  374 

Cardjke,  26 

China  Grand  Canal,  25 

In  Egypt,  24 

Exeter,  26 

Forth  and  Clyde,  36,  342 

Fosdyke,  26 

Langnedoc,  26 

Leeds  and  Liverpool,  373 

Manchester  Bbip,  38, 181,  241,  374 

North  Holland,  32 

Sault  St.  Marie,  84 

Shropshire  Union,  378 

Suez,  33 
Capper,  dredging,  264 

,  Swansea,  255 

Carlingford  Loogh,  dredging,  254 
Caspian  Sea,  effect  of  wind  on,  87 
Cassini,     triangolation    England 

France,  16 
Castelli  on  bars,  2 
■         on  the  movement  of  water,  1 
Catadioptrio  lens,  291 
Catoprio  lens,  291 
Cay,  dredging,  254 
Chains  for  buoys,  288 
Chance,  lenses  for  lights,  41 
Channels,  curved  and  straight,  8,  139, 

184 

in  sandy  estuaries,  174, 191 

— ,  width  and  direction  of,  133, 181 
,  width  required  for  navigation,  133, 

181,  272 
Chapman  on  tidal  rivers,  28 

,  river  Tyne,  347 

^ Tees,  856 

Charts,  Admiralty,  14,  30G 

of  estuaries,  306 

Chazallan,  tidal  observations,  11 

Cherbourg,  breakwater,  42 

Chesil  Bank,  162 

Chesy,  laws  relating  to  flowing  water,  7 

,  velocity  formula,  57 

Chronometer,  invention  of,  15 


Oivil  Engineers,  Institution  of,  16 

,  Proceedings,  16 

Clay,  weight  of,  62 
Cyde,  river,  curves  in,  139 

,  — ,  early  improvement,  37 

, ,  description  of,  334 

, ,  dredging  in,  233,  246,  250 

,  — >,  effect  of  improvements,  142 

1         i  flocbt  experiments,  126 

,  — — ,  training  walls,  202 

, ,  width  of,  135 

Cockbum  dredger,  234 

Collins,  Grenville,  river  Dee,  382 

Columbia^  river,  dredging,  248 

, ,  training,  226 

Commission,  Tidal  Harbour,  16 
Compass,  invention  of,  12 

,  points  of,  808 

,  variation  of,  807 

Congress  on  navigation,  17 

Coode,  Sir  John,  Portland  breakwater, 

42 
— , ,  Kibble  and  Preston  Dock, 

393 
Corthel,  Brazos,  223 

,  on  the  transport  of  material  in 

Mississippi,  65 

,  Tampioo,  222 

1  works  on  Mississippi,  222 

Cubitt,  W.,  dredging  in  Severn,  261 

,  river  Tyne,  347 

Cunard  Shipping  Company,  36 
Cunningham,  Allan,  velocity  ol»erva- 

tions,  21,  60 
Current  meter,  318 
Curved  channels,  advantage  of,  184 

—I  opinion  of  Fontaine,  8 

,    least   radius   required    for 

navigation,  186 
Curves,  radius  of,  in  rivers,  139 

, ,  Danube,  423,  426 

, ,  required  for  navigation,  186 

, Seine,  409 

D 

Danube,  river,  33 

,  curves  in,  141, 423,  425 

,  description  of  works,  417 

,  dredging,  245,  259 

,  material  transported  by,  60 

,  sediment  carried  by,  419 

,  ,  training,  227 

D'Aroy,  experiments  on  running  water, 
9 

Darley,  dredging,  236,  257 

Datum  levels,  16 

,  standard  in  foreign  ooontries, 

15 
Dead  reckoning,  12 
Deas,  J.,  engineer  of  Clyde,  842 
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Deas,  J.,  experiments  with  floats  on 
Clyde,  126 

^  material  dredged,  229,  250 

,  Ribble,  396 

Dee  (Aberdeen),  dredging,  254 

Dee,  river  (Cheshire),  136 

, ,  bar  at  month,  149,  382 

1 ,  desoription  of  works  on,  377 

',  — ^,  Kindersley's  plan  of  improve- 
ment, 879 

> ,  result  of  reclamation  works, 

197,  879 

» ,  width  of,  136 

Deeps  in  rivers,  oanse  of,  56 

Deltas,  bars,  146 

prevented    by    tidal    oscillation, 

146 

Denham,  Captain,  Mersey,  867 

Deposit  in  water,  method  of  ascertain- 
ing quantity,  821 

Depth  of  water  required  under  a  vessel, 
271 

required  for  navigation,  266,  271 

Detritus  in  rivers,  source  of,  118 

Dioptric  lenses,  291 

Dircks,  J.,  Amsterdam  Canal,  82 

Distance  objects  visible,  811 

Diving-bell,  invention  of,  89 

Docks,    accommodation    required    for 
vessels,  274 

,  Leith  first  wet  dock,  87 

— ,  Liverpool,  37 

,  London,  37 

Dolphin  Kidge,  97 

Don,  river,  training,  211 

Dornoch,  Firth  fresh. water  floods,  156 

Douglas,  Sir  James,  burners  for  lights, 
42,  281,  293 

> >  Eddystone  Lighthouse,  41 

1 ,  Thames  lights,  296 

,  • ,  Trinity  House  engineer,  277 

Douro,  river,  floods  in,  158 

Downing,  treatise  on  hydraulics,  21 

,  velocity  of  water,  49 

Draft  of  vessels,  and  tonnage,  269 

■         ^—  in  relation  to  cargo,  270 

,  table  of,  270 

Drainage  water.    BeA  Fbesh  watkb 

,  tidal  improvements  beneficial  to, 

176 

Dredgers,  232 

,  bucket,  232 

• 1  combined,  239 

,  eroding,  245,  256,  884 

,  grab,  233 

,  hopper,  283 

,  rock-breaking,  242 

— ,  shore-delivery,  239 

,  suction,  234 

Dredging  as  a    means    of    improving 


rivers,  171,  228 


Dredging,  calculating  quantity  material 

moved,  229 

,  cost  of,  280 

^  examples  of,  260 

Dredging  in — 

Aberdeen,  264 

Amsterdam  Canal,  260 

Ayr,  254 

Belfast  Lough,  263 

Bilbao,  258 

Blyth,  264,  267 

Boulogne,  261 

Boston,  266 

Carlingford  Lough,  254 

Clyde,  250,  840 

Danube,  259,  425 

Duluthand  Chicago,  268 

Dunkirk,  260 

Garonne,  240 

Grangemouth,  229 

Hartlepool,  253 

Hell  Gate,  264 

Lowestoft,  256 

Maas,  248,  417 

Manchester  Ship  Canal,  241 

Mersey,  256 

New  South  Wales,  257 

New  York  Harbour,  35, 191,  237 

Ostend,  260 

Queensland,  267 

Kibble,  393 

Severn,  261 

St.  Lawrence,  263 

Sues  Canal,  240 

Swansea,  256 

Sydney,  261 

Tees,  252,  360 

Tilbury  Dock,  249 

Tyne,  252,  360 

Weser,  259 

Witham,  265 

Yarra,  263 
Drift,  littoral,  159 
Dubuat,  laws  rolating  to  running  water, 

6 

^  transport  of  material,  68 

Dufi&n,  L'Estrange,  on  sea.beaohes,  166 
Duniceness  Bay,  shingle  in,  61 
Dunkirk,  dredging,  260 
•  movement  of  sand  on  ooast,  147, 

148 
Durance,  rivei*,  material  transported  by, 

60,62 
Dutch  Commission,  report  on  improving 

rivers,  170 

E 

Eads,  General,  84 

,  — -,  curves  in  Mississippi,  186 

, ,  Mississippi  works,  217 

, i  on  transport  of  material,  65 
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Ebb  onrrent,  strength  of,  120 
Ebband  flood,  120 

Edwards,  J.,  ohannel  New  York  har- 
bour, 192 
•— -,  Langlej,  report  on  Witham,  28 
Electrio  baoys,  289 
—  light  for  ligbthoiues,  281 
Eliot,  motion  of  water  in  Ohio,  65 
Elstobb,  fen  drainage,  28 
English  Channel,  tides,  91 
Eroder  dredger,  Wheeler's,  249 
Eroding  dredgers,  245 

in  the  Dee,  284 

Establishment  of  a  port,  102 
Estnarj,  definition  of,  114 
Ejtelwein  on  the  flow  of  water,  8 


F 


Fall  in  a  rirer,  Danube  and  Mississippi,  47 

,  definition  of,  45 

Fargne  on  curves,  187 
Fascine-work  for  training  rivers,  212 

in  Witham,  400 

Fathom,  306 

Fen  drainage,  26-32 

^— -  rivers,  method  of  training,  211 

Filament,  definition  of,  44 

Flamstead,  first  Astronomer  Bojal,  13 

Fleming  and  Fergnson  dredgers,  233, 

335,  289 
Float,  Clyde,  126 
>— —  experiments  in  Thames,  125 

for  velocity  observations,  318 

,  Witham,  127 

Flood  current,  eroeive  action,  121 

— ^,  strength  of,  120 

Fog-horns,  296 

Fontaine  on  curved  channels,  185 

on  motion  of  water,  56 

on  velocity  of  water,  50 

Forestaff,  13 
Formula  velocity,  57 
Fowler,  J.,  dredging,  229,  252 

y  engineer  of  Tees,  358 

,  Kibble,  395 

,  Tecs,  226 

Francis'    experiments    on    motion    of 

water,  46 
Franzius,  motion  of  water  in  the  Seine, 

56 
Fresh  and  salt  water,  115 

water,  115 

,  Brown  on  tidal  and  upland 

water,  175 

•,  diversion  of,  177 

-,  effect  of,  on  bars,  153 

.,  immersion  of  vessels  in,  271 

-,  inadequate  to  preserve  tidal 


channels,  175 
,  source  of,  115 


Fresh  water  value  of,  in  maintaining 

rivers,  174, 182 
Fresnel,  improvement  in  lenses,  41 
Frisi,  Paul,  on  running  water,  4 
Fulton,  steam  navigation,  36 
Fundy,  Bay  of,  tides  in,  94 

G 

Gales,  effect  of,  on  level  of  water,  51 

^ ,  on  littoral  drift,  160, 162, 165 

Galileo,  hydraulic  science  dates  from,  1 

on  the  tides,  10 

Galveston,  river,  training,  224 
Ganges,  river,  107, 123 

,  tidal,  153 

Ganguillet  on  running  water,  21 
Garlick,  Bibble,  293,  395 
Garonne,  river,  curves,  140, 187 

^ y  dredging,  240 

Gas  buoys,  298 

for  lighthouses,  281 

Gibbs  and  Deane,  pumps  at  Haarlem,  32 

Giles,  Bibble,  387 

— ,  surveys  of  harbours,  308 

,  Tyne,  347,  348 

,  A.,  Bibble,  396 

Giolia,  mariner's  compass,  12 

Girard,  effect  of  weeds  and  obstructions, 

8 
Gironde,  width,  137 
Golbum,  28,  37 

,  Clyde,  385,  387 

Gordon,  velocity  of  water,  50 
Grab  dredgers,  233 
Grangemouth  dredging,  228 
Grieve,  velocity  of  water,  50 
Ground  swell,  160 

Groynes,  6, 16,  201,  338,  348,  360,  424 
Grundy,  Witham,  28 
Guglielmini  on  running  water,  2 
Gulf  of  Mexico,  tides,  94,  97 
Gunter's  scales,  13 


Haarlem,  lake,  drainage  of,  32 
Halley,  invention  of  diving-bell,  89 
Handson,  application  of  trigonometry 

to  navigation,  13 
Harbours  and  docks,  early  history  of,  25 
Harlaoher  and  Bichter,  as  to  velocity  of 

water,  49 
Harrison,  invention  of  ohronometer,  15 
— ,  F.  E.,  Tyne  dock,  352 
Harrows  for  dredging,  245,  337 
Hartlepool,  dredging,  253 
Hartley,  Sir  Charles,  inland  navigation, 

20 
, ,  Bibble  commission,  894 
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Hartley,  Sir  Charles,  works  on  river 

DanDbe,  20,  3d,  419,  420 
Hanpt  on  converging  piers,  205 

on  littoral  drift,  166 

Hawkshaw,  Sir  John,  Amsterdam  Canal, 

32,206 

— ,  Holyhead  harbonr,  42 
— ,  fen  drainage,  29 
— ,  river  Witham,  402 
Hayter,  Amsterdam  Ship  Canal,  207 
Head,  definition  of,  45 
Heights,  formula  toobtain  visibility,  311 
Heinke,  diving-dress,  89 
Hell  Gate,  blasting  operations  at,  35, 

264 
Hill,  G.,  Mersey  estnary,  269 
Holland,  formation  of,  28,  31 
Holyhead  harbonr,  42 
Hooghly,  river,  material  transported  by, 

60 
Hopkins,  transport  of  materials,  66 
Hopper  dredgers,  238 
Hnddart,  Captain,  28 

, ,  river  Witham,  398,  400 

Hnmber,  river,  reclamation  works,  198 

, ,  shape  of  mouth,  159 

, ,  tides,  159 

, .  width  of,  134 

Humphreys  and  Abbot  on  Mississippi,  22, 

50 
Hurd,  Captain,  hydrographer,  14 
Hydraulic  mean  depth,  definition  of,  44 
""""■  radius  44 
"Hydraulics  in  Great  Bivers,"  Bevy,  22 

1  literature,  16 

,  theory  of,  1 

Hydrographer,  first  appointment  of,  14 
Hydrographic  surveying,  305 
-^—  terms,  305 


Inland  water,  174 
Irish  Sea,  tides,  91 


Jackson,  L.  D.  A.,  on  flow  of  water,  21 
James,  instmmenta  used  for  navigation, 

13 
Jetties.    8e»  Gbotnes 
Junction  of  ohannels  with  sea,  158, 189, 

203 


Keeling,  dredging,  262 

Kidd,  blastiDg  and  dredging,  262 

Kindersley,  fen  drainage,  28 

— ,  river  Dee,  28 

Kingston  aeouring  dam,  246 


Kinahan  on  sea-beaches,  165 
Kinipple,  tidal  model,  333 
Knot,  length  of,  805 
Kutter,  experiments  on  flowing  water, 
21 


La  Plata,  river,  material  transported  by, 

60 
Lamps  for  harbour  and  river  lights,  293, 

295 
Lancaster,  J.,  river  Witham,  403 
Langley,  dredging,  256 
Latham  Baldwin,  float  experiments  in 

Thames,  125 
Lavall6,  dredging,  240 

,  Suez  Canal,  83 

Lavoinne,  river  Seine,  411 

Law,  transport  of  materials,  65 

Lay  bye  for  vessels,  274 

Leading  lights  for  rivers,  297 

Lead-line,  313 

Lecchi  on  running  water,  6 

Leith  dock,  traffic  past  and  present,  268 

Lenses  for  lights,  291 

Leonardo  da  Vinci,  invention  of  looks, 

25 
Lesseps,  Suez  Canal,  33 
Level  of  high  and  low  water,  effect  of 

improvements  on,  131, 141 
Lowin,  W.,  river  Witham,  402 
Liffey,  river,  converging  piers,  207 
Lighthouses,  89 

,  BeU  Bock,  41 

,  Cordouan,  41 

,  cost  of  maintaining,  279 

,  early  means  of  illuminating,  41, 

293 

,  Eddystone,  40 

illumination  of,  by  oil,  gas,  and 


electricity,  41,  281 
— ,  Irish,  40,  278 
— ,  Northern,  40,  278 
— ,  Pharos,  40 
— ,  Skerry  Vore,  41 
— ,  Trinity  House,  jurisdiction  over, 

40,277 
-,  Wolf  Book,  41 


Lights,  coloured,  292 
-^— ,  compressed  gas,  298 

, ^  cost  of,  300 

,  floating,  293,  294,  302 

for  harbours  and  rivers,  294 

,  gas  buoy,  800 

,  gas,  oil,  and  electricity,  281 

,  height  required  for,  292 

,  leading,  for  rivers,  297 

,  Lindberg  system,  297 

,  occulting  Lindberg  light,  297 

-,  system  and  orders  of,  291 


Lindberg  system  of  lighting,  297 
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Littoral  drift,  159 

,  Hanpt,  166 

•—         ,  Kinskhan  on,  166 
Liverpool  docks,  376 

,  earlj  navigation,  362 

Lobnitz  and  Co.,  dredgers,  238, 242,  243, 

385 
Locks,  invention  of,  25 
i  length  and  width  required   for 

navigation,  274 
Log,  invention  of,  12 
Login,  transporting  power  of  water,  68 
Loire  river,  width  of,  138 
Lowestoft,  dredging,  256 

,  piers,  207 

,  shingle  bar,  151 

Lnbbock  on  tides,  86 

Lane,  river,  effect  of  trainiog  walls,  196 

Lyme  Bay,  movement  of  drift,  163 

Lynn  Well,  tides  in,  92 

Lyster,  Mersey  dredging,  256,  868 


H 


Maas,  river,  description  of  works,  414 

, ^  dredging,  284, 248 

, " ,  improvement  of,  33 

^ ,  training  works,  215 

, ,  width  of,  136 

Mackay,  river  Dee,  882 
Mackenzie,  chart  of  Bibble,  385 
Madras  harboor,  movement  of  sand  in, 

166 
Manchester  Ship  Canal,  description  of, 

39,  374 

— ,  dredging  in,  241 

,  width  of,  181 

Mann,  Abb^,  on  rivers,  8 

^  J.  T.,  on  bars,  20 

Mansergh,  flow  of  water  in  Thames,  186 
MarinePs  compass,  invention  of,  12 
Marten,  H.  J.,  dredging  in  Severn,  261 
Maskeleyne,  Astronomer  Boyal,  15 
Mattresses,  fascine,  for  training,  214 
Mandesley,  steamships,  36 
Mediterranean,  tides  in,  88 
Meik,  as  to  'scend  of  vessels,  272 
Mengin,  M.,  on  curves,  187 

■ ,  on  deepening  rivers,  178 

Meroator's  chart,  12 

Mersey,  river,  bar  of,  865,  368 

" , ,  description  of,  361 

, ,  dredging  on  bar,  256,  868 

— , effect  of  fresh-water  floods, 

361, 367 

,  — ^,  tides  in,  88,  871 

, ^  docks  in,  376 

,  — •,    proposed   training    works, 

196,  374 

> ,  effect  of  freshets  on,  154 

Mersey  docks,  376 


Mersey  docks,  dredging  in,  256,  368 
Messent,  P.  J.,  engineer  of  Tyne,  350, 

352 

i  river  Tyne  dredging,  252 

Mile,  nautical,  306 

Miller,  steam  navigation,  36 

Mississippi,  river,  34 

1 ,  bar,  147 

, ,  dredging,  247 

,         ,  Humphreys  and  Abbot  on,  22 

,         ,  material  transported  by,  60 

-— — , ^  training  walls,  217 

Momentum,  effect  of,  on  movement  of 

materials,  161 
Montrose  Bay,  180 
Mooring-booy8>  290 

for  buoys,  289 

Morton  Bishop,  new  out  for  river  Kene, 

26 
Motion  of  water,  laws  of,  44 
Movement  of  sand  and  other  materials 

by  water,  69 
Murphy  on  tides  in  Bay  of  Fundy,  94 
Murray,  J.,  river  Tyne,  348 
Mushroom  anchors  for  buoys,  289 


N 


Napier,  D>»  improvements  in  steam  navi- 
gation, 86 

Nares,  Sir  George,  Eibble  Gommissiony 
394 

-^— , ^  river  Dee,  384 

Natural  condition  of  a  river  to  be  pre- 
served, 172 

Nautical  Almanack,  14 

Navigation,  Congress  on  Inland,  17, 170 
,  ^-^  on  principles  of  improvement, 
170 

,  early,  35 

instruments  used  for,  13 


,  requirements  of,  265 

diagram,  273 

None,  tidal  conditions,  130 

,  training  into  estuary,  402 
Neville,  hydraulics,  21 

,  velocity  of  water,  49 

New  South  Wales,  dredging,  236,  257 
New    York    harbour,    dredging   ship 

channel,  85, 191,  237 

,  blasting  Hell  Gate,  35,  264 

Newhaven,  effect  of  improvement  on 

tides,  181 
Nile,  material  transported  by,  60 

,  river,  delta,  146 

Nerth  Sea  and  Baltic  canal,  curves  in, 

141 

,  dredging,  242 

tides  in,  92 
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ObMrvatory,  Boyal,  establishment  of, 

*    IS 

Obstructions  in  rivers,  effect  of,  on  tidal 

flow,  128 
Oil  for  lights,  293,  295 
Ore,  river,  diversion  by  shingle,  167 
Ostend,  dredging  channel  in  sand,  191, 

260 
Ostia,  harbour  of,  25 
Onse,  river  (Bedfordshire),  111 
^ ,  effect  of  bend  on  tidal  flow, 

129 

^  _^  training  into  Wash,  402 

, ,  width  of  J 184 

Onse,  river  (Yorkshire),  cnrves  in,  140 
, i  effect  of  obetroction  to  tidal 

flow  in,  128 

matter  in  suspension,  123 


Q 


Quays  in  relation  to  navigation,  275 
Queensland  rivers,  dredging,  257 


-,  training  walls,  201,  226 
-,  training  works,  226 


Parallel  training  walls,  201 

Paris  Congress  on  navigation  and  river 

improvement,  17 
Partiot  on  rivers,  19 

,  river  Seine,  413 

Peninsular  and  Oriental  Company,  86 

Pentland  Firth,  tides  in,  87 

Perry,  Thomas,  28 

Phillips,  history  of  navigation,  17 

^  float  experiments  in  Thames,  125 

Pickemell,  J.,  river  Tees,  355 
Piers,  converging,  205 

^  use  of  single,  204 

Flews,  J.,  352 

Plymouth  breakwater,  42 

Po,  river,  146 

Ponts  et  Chauss^es,  16 

Pools,  cause  of,  in  rivers,  55 

Portland  break-water,  42 

Ports,  distance  of,  from  sea,  71 

Price,  dredger,  241 

-^— ,  H.  H.,  engineer  of  Tees,  856 

Priestley,  rivers  and  canals,  17 

Priestman  &  Co.,  grab  dredgers,  283 

Principles  of  improvement  of  rivers, 

168 
as  laid  down  by  Dutch  Commission, 

169 
as  laid  down  by  Captain  Calver, 

171 
as  laid  down  by  Inland  Navigation 

Congpress,  170 
Promontories  projecting,  effect  of,  159 
Propagation  of  tidal  wa?e,  177 
Pumping  sand  and  mad  on  shore,  240 


Rankine  as  to  velocity  of  water,  49 
Reclamation  works  in  estuaries,  196, 389 

—^ on  the  Seine,  411 

Bed  Sea  and  Nile  canal,  24 
R^me  of  rivers,  117 
Rendel,  J.  M.,  breakwater  at  Holyhead, 
42 

,  harbours  and  docks,  37 

,  river  Tees,  869 

— ^, Mersey,  871 

, Tyne,  349 

Rendel,  Sir  A.,  Ribble,  395 
Rennie,  G.,  on  hydraulic  science,  9 

y  steamships,  36 

Rennie,  J.,  breakwater  at  Plymouth,  42 

,  drainage  of  fens,  29 

,  harbours  and  rivers,  29 

^  river  Clyde,  389 

— , Mersey,  867 

, Tyne,  347 

, Witham,  400 

^  use  of  diving-bell,  39 

Rennie,  Sir  J.,  river  Witham,  402 
Revy,  hydraulics  of  gpreat  rivers,  22 
,  method  of  taking  velocity  observa- 
tions, 317 

i  velocity  of  water,  49 

Reynolds,  Osborne,  tidal  models,  327 

Ribble,  river,  bar,  144 

^  Board  of  Trade  Commission, 

894 

, ^  description  of,  384 

,  — ,  effect  of  works  on  tides,  890 

, ^  training,  227 

, y  width  of,  186 

Richards,  Admiral,  Mersey,  868 
Ripley  on  curves,  56, 184 
Riquet,  Languedoo  canal,  26 
Rivers— 

Ador,  158 

Adour,  208 

Aide,  157 

Amaion,  106, 108, 180 

Astland,  885 

Avon,  118, 189, 176 

Bedford,  old,  27 

Clyde,' 87,  126,  185,  139,  142,  202, 
233,245,250 

^  description  of,  334 

Columbia,  225,  248 

Dannbe,  83,  60,  141,  227,  245,  269 

i  description  of,  417 
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Bivers— 

Dee  (Aberdeen),  145,  254 

Dee  (Cheshire),  136, 14d,  197 

,  description  of,  877 

Don,  211 

Durance,  60,  62 

Garonne,  140, 187,  240 

Gironde,  137 

Hooghly,  60 

Homber,  118, 134,  159, 198 

La  Plata,  60 

Liflfey,  207 

Loire,  138 

Lone,  196 

Maas,  33,  13G,  148,   154,  215,  234, 
248,  316 

•^^,  description  of,  414 

Mississippi,  22,  34,  68, 147,  217,  224, 
247 

None,  130 

Nile,  60,  146 

Ore,  157 

Onse  (Bedfordshire),  29,  111,  129, 184 

(Yorkshire),  123,  128,  140,  201, 

226 

Po,  146 

Bibble,  118,  227 

— ,  description  of,  384 

Scheldt,  135, 140 

Seine,  61,  89, 137, 140, 142,  186, 197, 
227 

-^— ,  description  of,  405 

Seyem,  118, 198,  260 

St.  Lawrence,  34,  263 

Stonr,  177,  234 

Tampioo,  222 

1^7, 142, 146, 159, 198 

Tees,  61, 135, 144, 198,  202,  226,  252 
,  description  of,  853 

Trent,  119 

Tyne,  37, 131, 135, 139, 141,  145, 202, 
262 
.   ,  description,  342 

Vire,  129,  209,  210 

Volga,  60,  146,  245 

Weaver,  374 

Welland,  62,  247 

Weser,  188,  140,  216,  259 

Witham,  29,  61,  126,  128,  140,  212, 
255 

,  description  of,  898 

Tare,  167,  153 

Yarra,  263 

Yarrow,  385 
Bivers,  agents  of  maintenance,  116 

,  junction  of,  with  sea,  118 

,  origin  of,  114 

-^— ,  principles  to  be  observed  in  im. 

proving,  168 

i  regime,  117 

,  salt  and  fresh  water  in,  115 


Bivers,  source  of  detritus  in,  118 

Bobison  on  rivers,  9 

Bochefort,  tidal  observations  at,  11 

Bock  dredgers,  242 

Bnssell,  Scott,  curved  channels,  185 

, ,  on  tides,  83 

, ,  on  waves,  11,  83 

^ ,  river  Dee,  382 

Sailing  directions,  1^  308 
Salt  water,  115 

— ,  amount  of,  in  water,  116 

^— ,  immersion  of  vessels  in,  271 

—  — ,  movement  of,  in    Thames, 

124^  125 

•^— 1  specific  gravity  of,  116 

Salusbniy,    translation    of     Gastelli's 

treatise,  1 
Samples  of  water,  method  of  obtaining, 

821 
Sand  ban,  151 

,  cause  of  deposit,  60,  62 

-,  in  estuaries,  114, 120 


,  movement  of,  64^  69 

, ,  in  Madras  harbour,  165 

,  source  of,  114, 120, 160 

,  weight  of,  62 

Sandy  channels,  maintenance  of,  174, 

191 

estuaries,  bars  at  mouth  of,  148 

Sault  St.  Marie  canal,  35 
'Scend  of  the  sea,  272 
Scheldt,  river,  curves  in,  140 

, ,  width  of,  135 

Schliohting  on  velocity  of  water,  49 
Screws  of  steamers,  effect  of,  in  moving 

material,  248 
Sea  approach  of  rivers,  189,  203 
Section  of  stream,  44 
Seine,  river,  curves  in,n.40, 186 

, ,  description  of  works,  405 

— , ,  mascaret  in,  88 

, ,  material  transported,  61 

, ,  reclamation  works,  197 

, ,  result  of  improvements,  142 

— , ,  tides  at  mouth,  89 

, ,  training,  227 

, ,  width  of,  137 

Sellers,  the  English  pilot,  15 

Severn,  river,  connection  with  Thames, 

30,  118 

9 ^  dredging  rock,  260 

1 ,  reclamation  in,  198 

Shackles  for  buoys,  287 
Shingle,  movement  of,  162;  164 
Ship.    See  Ybssels 
Shipping.    See  Vessels 
Shore-deliveiy  dzedgers,  289 
Shoreham,  effect  of   improvement  on 

tides,  181 
Siebe,  diving^ress,  89 
Silt,  weight  of,  62 
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Simons  and  Co.,  dredgers,  237|  239,  257, 
835 

Sinkers  for  baoys,  289 

Sirens  for  fog-signals,  295 

Smeaton,  28 

,  Eddystone  Ugbthoase,  40 

,  river  Clyde,  335 

,  use  of  diving-bell,  39 

Smith,  Aberdeen,  145,  254 

Solway,  Firth,  337 

Somme,  river,  effect  of  diverting  water 
from,  177 

Soanding  line,  313 

pole,  314 

Sonndings,  how  to  take,  312 

Southampton  Water,  122 

Soathem  Ocean,  tides,  81,  93 

Steam  navigation,  early  history,  36 

Steamers.    See  Vessels 

y  sorew,  introduction  of,  36 

Stephenson,  B.,  Suez  Canal,  33 

Stevenson,  A.,  lights  for  lighthouses,  41 

,  Skerry  Vore  lighthouse,  41 

D.,  carved  ohannels,  185 

,  liver  engineering,  9, 19 

,  training  river  channels,  196 

I.,  propagation  of  tidal  wave,  178 
B.,  Bell  Bock  lighthouse,  41 

,  mast  lights,  293 

,  Bibble,  392 

,  Suez  Canal,  33 

,  Tees,  356 


T.,  harbours,  9,  20 
dredgpng,  251 
St.  Lawrence,  34 

,  river,  dredging,  263 

Stoneness  light,  296 

Stour,  river,  effect  of  diverting  water 

from,  177 

,  scouring  dredger,  234 
Stream,  definition  of,  44 
Suction  dredgers,  234 
Suez  Canal,  construction  of,  33 

' 1  curves  in,  141 

,  dredging,  240 

,  width  of,  181 

Surveying,  hydrographio,  397 
Swansea,  dredging,  249,  255 
Swivels  for  buoys,  287 
Sydney  harbour,  blasting  and  dredging, 

261 
Sykes,  B.,  Bibble  and  Prbston  Dock,  398, 

395 
Symington,  steam  navigation,  36 


Tampioo,  river,  training,  222 

Tanks  for  tidal  models,  330 

Tay,  river,  bar,  146, 159 

, .  effect  of  improvement,  142 


Tay,  river,  reclamation,  198 
Taylor,  river  Dee,  384 
Tees,  river,  bar,  144 

, ,  description  of,  353 

, 1  dredging,  252 

-,  material  transported  by,  61 


198 


— ,  reclamation  in  Tees  estuary, 

-,  training  walls,  202,  226 

, ,  width  of,  136 

Telford,  T.,  29,  339 
Thames,  river,  curves  in,  139 

, i  float  experiments,  125 

, 1  movement  of  drift  in,  164 

-,  oscillation  of  tidal  water. 


124 


, ,  reclamation,  198 

, ,  result  of  improvements,  141 

, ,  tides  in,  88 

, ,  width  of,  133 

Thompson,   Sir   W.,  tidal    calculating 

machine,  112 
Thorowgood,  Madras  harbour,  165 
Tiber,  river,  bar,  146 
Tidal  and  upland  water,  relative  value 

of,  175 

Harbour  Commission,  18 

models,  326 

observations,  314 

wave,  effect  of  shallow  water  on, 


179 


-,  propagation  of,  177 


Tides,  70 

advantages  of,  70 

age  of,  102 

bores,  106 

description  of,  82 

diurnal  inequality,  80 

early  theories  as  to,  10 

effect  in  moving  littoral  drifts  162 

of  atmospheric  pressure,  86 

of  obstruction  on,  127 

of  wind  on,  86 

establishment,  102 

estuary,  85 

examples  of^  in  rivers,  101,  110, 
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extraordinary  rise  of,  90,  94 
generation  of,  inland  seas,  83 
interval  between  tides,  79 
known  to  ancients,  73 
land  covered  by,  how  defined,  70 
machines  for  calculating,  112 
morning  and  evening  tides,  80 
oscillation  of,  in  Thames,  Clyde, 
etc.,  124 

—  peculiarities,  88 

—  rate  of  progress  of  tidal  wave,  97 
of  rise  and  fall,  100 

— «  rise  of,  in  open  ooean,  82,  98 
— , ,  on  coasts,  98 

2  H 
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Tides,  river,  85 

,  source  of  generation,  74 

,  spring  and  neap,  difference  in  rise, 

100 

-,  tables,  British  and  French  ports, 

\ 

-,  theory  of,  73 

■,  tidal  predictions,  112 

terms,  72 

-,  tide-day,  length  of,  79 

-,  variation  in  rise  of,  98 

-,  velocity  of,  in  rivers,  108, 390 

-,  wave,  progress  of,  95 


Tilbury  Dock  lock,  274 

,  dredging  in  harbour,  249 

Tonnage,  average  of  British  ships,  266, 

267 

of  vessels,  burden,  269 

,  registered,  269 

in  relation  to  diuf t,  270 

Training,  converging  piers,  205 

y  effect  of,  on  estuaries,  195 

,  fascine,  211 

,  groynes,  201,  424 

,  height  of  walls,  208 

,  parallel  walls,  201 

,  rivers,  195 

,  single  curved  walls,  204 

,  stone,  225 

,  use  of  sods  for  making,  209 

, of  sandbags,  210 

Training  in  rivers — 

Brazos,  223 

Columbia,  245 

Danube,  227,424 

Galveston,  224 

Maas,  215 

Mississippi,  217 

Ouse,  226 

Ribble,  227,  393 

Seine,  227,  4lt8 

Tampico,  222 

Tees,  226 

Vire.  209 

Weliand,  212 

Weser,  216 

Witham,  212,  400 
Transportiog  power  of  water,  59 

dredgers,  239 

in  Maas,  189 

•  matter  in  suspension,  123 

on  Seine,  189,  408 

,  Tees,  189 

,  Witham,  401 

Trew,  Exeter  Canal,  26 
Trinity  House,  London,  276 

,  Newcastle,  344 

Tyne,  river,  bar,  145 

, ,  curves  in,  139 

. ,  description  of,  343 

, ,  dredging,  252 


Tyne,  river,  effect  of  improvements  on 
tides,  131,  141 

, ,  improvement  of,  37 

, ,  tides  in,  131 

, ,  training  walls,  202 

, ,  width  of,  135 

Tyre,  harbour  of,  23 


U 


m 


Unwin     on     movement    of    floats 
Thames,  124 

,  tidal  water,  123 

CTpland  and  tidal  water.     8te  Fresh 

WATER 

Ure,  J.  F.»  engineer  of  Clyde,  342 
,  Tyne,  360,  851 


Velocity,  mean,  definition  of,  44 

of  water,  formula,  57 

,  mean  surface  and  bottom,  40 

,  observations,  316 

Venturi  on  running  water,  8 
Yermuyden,  fen  drainage,  26 
Yemon-Harcourt,    rivers    and    canals, 

docks  and  harbours,  20 

,  river  Ribble,  395 

,  tidal  model  of  Seine,  327 

Yessels — 

ancient  size  of,  346 

dock  accommodation  for,  274 

draft,  269 

draft  in  relation  to  cargo,  269 

immersion  in  salt  and  fresh  water,  271 

least  curve  round  which,  can  navigate, 
186 

provision  for  mooring,  274 

registered  tonnage,  269 

removal  of  wrecked,  275 

size  of,  267 

speed  in  rivers,  274 

time  required  to  navigate  a  river,  272 

tonnage,  269 

water  required  under  bottom,  271 

width  of,  272 
Yire,  river,  effect  of  obstructing  tidal 

flow,  129 

, ,  training  works,  209 

Yolga,  river,  bar,  146 

, ,  dredging,  245 

, ,  material  transported  by,  60 

W 

Wagenhair,  charts,  14 
Waggoners  charts,  14 
Walker,  J..  28 

,  Clyde,  839 

,  lighthouses,  41 

,  Tyne,  349 
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Walker,  J.,  Tyne  piers,  38 
Wash,  the,  reclamation  in,  198 
Washington,  Captain,  movement  of  sand 

and  shingle,  61 

, ^  river  Tyne,  848 

Water  staat  in  Holland,  17 

Water,  draft  of  vessels  in,  271 

y  matter  in  suspension,  to  ascertain 

qoantitj,  321,  323 

,  motion  of,  44 

,  salt  and  fresh,  115,  806 

,  taking  samples  of,  321 

,  velocity  observations,  316 

weight  of,  324 


Watt,  J.,  river  Clyde,  335 

Waves,  action  of,  Scott  Bassell  on,  11, 
84 

Weaver,  river,  374 

Weirs,  effect  of,  on  rivers,  180 

Welland,  river,  dredging,  247 

, ,  material  transported  in,  62 

, ,  training  into  estnary,  402 

Weser,  river,  curves  in,  140 

, y  dredging,  259 

, ,  training  works,  216 

, ,  width  of,  188 

Westerdyke,  fen  drainage,  26 

Wharton,  Captain,   hydrographic    sur- 
veying, 208.  310 

Wheeler,  drainage  of  fens,  32 

,  erodor  dredger,  249 

y  fasoine-work,  213 

,  tidal  models,  327,  331 

transport  of  material,  67 


,  river  Oase,  111 

, Bibble,  39r> 


Wheeler,  river  Witham,  402,  403 

, ,  Boston  Dock,  404 

,  Herbert,  instrument  for  taking 

samples  of  water,  822 

-,  tidal  models,  332 


Width  of  channels  required  for  naviga. 

tion,  133, 181 

,  progressive  increase  of,  183 

Wigbam,  burners  for  lighthouses,  281 
Williams,  J.  £.,  river  Witham,  403 
Wolf  Bock  lighthouse,  41 
Williams,     Leader,    Manchester    Ship 

Canal,  38 
, ,  training  Mersey  estuary,  195, 

374 
Wind,  effect  of,  on  motion  of  water,  51 

— , ,  on  tides,  86 

Witham,  river,  curves  in,  140 

, .  description  of  works,  398 

. ,  dredging,  265 

,  ,  effect  of  obstructing  tidal 


flow,  128 


-,  fascine-work,  212 

-,  float  observations,  126 

-,  material  transported  by,  61 

-,  training  into  estuary,  402 


Wrecks,  removal  of,  275 

Wright,  £.,  errors  of  navigation,  13 


Yare,  river,  diversion  by  drift,  157 

, ,  land  floods  and  tides,  153 

Yarra,  river,  dredging,  263 
Yarranton,  inland  navigation,  30 
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Woodcuts  and  numerous  Questions  and  Exercises.     Fcp.  8vo.  2$.  6d, 


ja 


^1 


Scientific  Works  published  by  Longmans ^  Green^  6-  Co. 


JACK)— Inorganic  GhemiBtry,  Theoretical  and  PracticaL    A 

Manual  for  Students  in  Advanced  Classes  of  the  Science  and  Art 
Department.  By  William  Jago,  F.C.S.,  F.I.C.  With  Plate  of 
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PAYEIN— Industrial  Chemistry.  A  Manual  for  use  in  Technical 
Colleges  and  Schools,  based  upon  a  Translation  of  Stohmann  and 
Engler's  Qerman  Edition  of  Pa  yen's  *  Precis  de  Chimie  Industrielle  \ 
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B.Sc.  (VicUX  Ph.D.,  F.RS.,  Treas.  C.S.,  Professor  of  Chemistry  in  the 
Royal  College  of  Science,  London.  Assisted  hy  Eminent  Contnhutors. 
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SMITH— Elementary  Statics.  By  J.  Hamblin  SHrrH,  M.A.,  of 
QonviUe  and  Caius  College,  Cambridge.    Crown  8vo.  Ze,    Key,  6«. 
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8vo.  3«.  6(2. 

HELMHOLTZ— On  the  Sensations  of  Tone  as  a  Physioloffical 
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TYNDALL— Iiessons  in  Electricity  at  the  Boyal  Institution, 
1875-76.  By  John  Tyndall,  D.C.L.  With  68  Woodcuts.  Crown 
8vo.  2s.  6(2. 

"  Notes  of  a  Course  of  Seven  Lectures  on  Electrical 


Phenomena  and  Theories,  delivered  at  the  ROyal  Institution.    Bj 
John  Tyndall,  D.CL.    Crown  8vo.  1«.  6(2. 

Researches  on  Diama^netism  and  Magne-Orystallic 


Action.    Bj  John  Tyndall,  D.C.L.    With  8  Plates  and  numerous 
lUastrations.    Crown  8vo.  12<. 


TELEGRAPHY. 


OULLEY— A  Handbook  of  Practical  Telegraphy.  By  R.  S. 
CuLLEY,  M.I.C.E.,  late  Engineer-in-Chief  of  Telegraphs  to  the  Pofi 
Office,    With  136  Woodcuts  and  17  Plates.    8vo.  16«. 

PRBBCB  and  SI  V  E  W  RIGHT— Telegraphy.  By  W.  H.  Pbebck, 
F.R.S.,  M.I.C.E.,  &c.,  Engineer-in-Chief  and  Electrician  to  H.M. 
Post  Office ;  and  Sir  J.  Sivewrioht,  K.C.M.Q.,  General  Manager, 
South  African  Telegraphs.     With  256  Woodcuts.    Fcp.  8vo.  6«. 

WILLL/LMS—Manual  of  Telegraphy.  Bv  W.  Williams,  Super- 
intendent, Indian  Government  T^egraphs.  W^ith  93  Woodcuts.  8vo. 
10«.  6(i. 


MINERALOGY,  METALLURGY,  &c. 

BAUEKMAN— Systematio  Mineralogy.    By  Hilary  Bauebman, 
F.G.S.     With  373  Woodcuts  and  Diagrams.    Fcp.  8vo.  6<. 

Descriptive  Mineralogy.     By  Hila.rt  Bauebman,  F.G.S 


W. 


With  236  Woodcuts  and  Diagrama    Fcp.  8vo.  e». 

BLOXAM  and  HUNTINGTON— Metals :  their  Properties  and 
Treatment  By  C.  L.  Bloxam  and  A.  K.  Huntinoton,  Professors 
in  King's  College,  Xiondon.     With  130  Woodcuts.    Fcp.  8vo.  5& 

(K)BE1-The  Art  of  Electro-Metallurgy,  including  all  known 
Proce«!ie8  of  Electro-Deposition.  By  G.  Gk>RE,  LL.D,,  F.R.S.  With 
66  Woodcuts.    Fcp.  8vo.  6«. 

MITCHELL— A  Manual  of  Practical  Assaying.  By  Johk 
Mitchell,  F.G.S.    With  201  Illustrations.    8vo.  31«.  ed 

BUTLBY— The  Study  of  Bocks '  an  Elementary  Text-Book  of 
Petrology.  By  F.  Rdtley,  F.G.S.  With  6  Plates  and  88  Woodcuts. 
Fcp.  8vo.  4«.  6<i. 
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BUILDING    CONSTRUCTION. 

Advanced  Building  Construction.  By  the  Author  of '  Rivington's 
Notes  on  Building  Construction'.  With  numerous  Illustrations. 
Crown  8vo.  4«.  6i. 

BURRELL  —Building  Construction.  By  Edward  J.  Burrell, 
Second  Master  of  the  People's  Palace  Technical  School.  Mile  End. 
Fully  Illustrated  with  303  Working  Drawings.    Crown  8vo.  2«.  6d. 

RIVINGTON'S  COURSE  OF  BUILDING  CONSTRUCTION. 

Notes  on  Building  Construction.  Arranged  to  meet  the  require- 
ments of  the  syllabus  of  the  Science  and  Art  Department  of  the 
Committee  of  Council  on  Education,  South  Kensington.    Medium  8vo. 

Parti.  First  Stage,  or  Elementary  Course.    With  652  Woodcuts.    lOs.  6<2. 
Part  II.  Commencement  of  Second  Stage,  or  Advanced  Course.    With 

479  Woodcuts.     10«.  6(2. 
Part  III.  Materials.    Advanced  Course,  and  Course  for  Honours.    With 

188  Woodcuts.     21<. 
Part  IV.  Calculations  for  Building  Structures.    Course  for  Honour;. 

With  697  Woodcuts.     15<. 

SEDDON— Bunder's  Work  and  the  Building  Trade.  By 
Colonel  H.  C.  Seddon,  R.E.  Superintending  Engineer,  H.M.*s  Dock- 
yai-d,  Portsmouth  ;  Examiner  in  Building  Construction,  Science  and 
Art  Department,  South  Kensington.  With  numerous  Illustrations. 
Medium  8vo.  16«. 


WORKSHOP  APPLIANCES,  &c 

JAY  and  KIDSON— Exercises  for  Technioal  Instruotion  in 

Wood- Working.  Designed  nnd  Di-awu  by  H.  Jay,  Technical  Instructor, 
Nottingham  School  Board.  Arranged  by  E.  R.  Kn>80N,  F.G.S., 
Science  Denionstiator,  Nottingham  ^hool  Board.  3  sets,  price  1«. 
each  in  cloth  case.  Set  I.  Plates  1-32.  Set  II.  Plates  33-64.  Set  III. 
Plates  66-87, 

M  A  RTINBAU— A  Village  Class  for  Drawing  and  Wood- 
Carving.  Hints  to  Teachers.  By  Qkrtbudb  Mabtinbau.  Crown 
8vo.  2«.  ed. 

NOBTHCOTT— Lathes  and  Turning,  Simple,  Mechanical  and 
Ornamental.  By  W.  H.  Northcott.  Witn  338  Illustrations. 
8vo.  18«. 

SHEXjIjEY— 'Workshop  Appliances,  including  Descriptions  of 
some  of  the  Gauging  and  Measuring  Instruments,  Hand-cutting  Tools, 
Lathes,  Drilling,  Planing  and  other  Machine  Tools  used  by  Engineei's. 
By  C.  P.  B.  Shelley,  M.I.C.E.  With  292  Woodcuts.  Fcp.  8vo. 
4«.  6(1 

UNWIN— Exercises  in  Wood-Working  for  Handicraft  Classes  in 
Elementary  and  Technical  Schools.    By  William  Cawthobnb  Uitwin, 

F.KS.,  M.LC.R    28  Pktes.    Fcp.  fulio,  4«.  6(1  in  case. 
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ENGINEERING,  STRENGTH  OF  MATERIALS,  &c- 

ANDEBSON—The  Strength  of  MateriaLs  and  Structures  : 

the  Strength  of  Materials  as  depending  on  their  Quality  and  as  ascer- 
tained by  Testing  Apparatus  ;  the  Strength  of  Structures  as  depending 
on  their  Form  and  Ari-angement  and  on  the  Materials  of  which  they 
are  composed.  By  Sir  J.  Anderson,  C.E.,  LL.D.,  F.R.S.K  With 
66  Woodcuts.    Ecp,  8vo.  3«.  6d. 

BABBY— Railway  Appliances  :  a  Description  of  Details  of  Railway 
Construction  subsequent  to  the  completion  of  the  Earthworks  and 
Structures.  By  John  Wolfe  Barrt,  M.I.C.E.  With  218  Woodcuts. 
Fcp.  8vo.  4*.  Qd. 

DOWNING—  Elements  of  Practical  Construction,  for  the  use 
of  Students  in  Engineering  and  Architecture.  By  Samuel  Downing, 
LL.D.  Part  I.  Structure  in  direct  Tension  and  Compression.  With 
numerous  Woodcuts  in  the  Text,  and  a  folio  Atlas  of  14  Plates  of 
Figures  and  Sections  in  Lithography.     8vo.  \A». 

LUPTON — Mining.     By  Prof.  Arnold  Lupton.  [In  pi-epanUion. 

SMITH — Ghraphics  ;  or, "  the  Art  of  Calculations  by  Drawing  Lines, 
applied  especially  to  Mechanical  Engineering.  By  Robert  H.  SMrrn, 
Professor  of  Engineering,  Mason  College,  Birmingham.  Part  I. 
Arithmetic,  Algebra,  Trigonometry,  Moments,  Vector  Addition,  Locor 
Addition,  Machine  Kinematics,  and  Statics  of  Flat  and  Solid  Struc- 
tures. With  separate  Atlas  of  29  Plates  containing  97  Diagrams. 
8vo.  16«. 

STONBY— The  Theory  of  the   Stresses  on   Girders  and 

Similar  Structures,  with  Practical  Observations  on  the  Strength  and 
other  Properties  of  Materials.  Bv  Bindox  B.  Stoney,  LL.D.,  F.R,S., 
M.I.C.E.  With  6  Plates  and  143  Illustrations  in  the  Text.  Royal 
8vo.  36*. 

UNWIN— The  Testing  of  Materials  of  Construction.  Em- 
bracing the  Description  of  Testing  Machinery  and  Apparatus  Auxiliary 
to  Mechanical  Testing,  and  on  account  of  the  most  Important  Re- 
searches on  the  Strength  of  Materials.  By  W.  Cawthorne  Unwin» 
B.Sc,  Mem.  Inst.  Civil  Engineers,  Professor  of  Engineering  at  the 
Central  Institution  of  the  City  and  Guilds  of  London  Institute. 
With  141  Woodcuts  and  5  folding-out  Plates.     8vo.  21«. 


MACHINE  DRAWING  AND  DESIGN. 

LOW— An  Introduction  to  Machine  Drawing  and  Desifin. 
By  David  Allan  Low  (Whitworth  Scholar),  Headmaster,  People's 
Palace  Day  Technical  School,  London.  With  65  Illustrations  and 
Diagrams.    Crown  8yo.  2«. 

Improved  Drawing  Sccdes.    By  Datid  Allan  Low.    Price 


4d,  in  case. 
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UNWIN— The  Elements  of  Machine  Desi^.  By  W.  Caw- 
THORNB  Unwin,  F.RS.,  Profe88or  of  Engineering  at  the  Central 
Institute  of  the  City  and  Guilds  of  London  Institute.  Part  1.  General 
Principles,  Fastenings  and  Transmissive  Machinery.  With  304  Dia- 
grams, &c.  Crown  Svo.  6s,  Part  II.  Chiefly  on  Engine  Details. 
With  174  Woodcuts.     Crown  Svo.  4m.  8d 


ARCHITECTURE. 


GWILT— An  Bncyolopsddia  of  Arohiteoture.  By  Joseph  Gwilt^ 
F.S.A.  Illustrated  with  more  than  1100  Engravings  on  Wood. 
Revised  (1888),  with  Alterations  and  Considerable  Additions,  by 
Wyatt  Papwobth.    Svo.  £2  12«.  6d, 

MITCHELL— The  Stepping-Stone  to  Arohiteoture  :  explaining 
in  simple  language  the  principles  and  progress  of  Architecture  from 
the  earliest  times.  By  Thomas  Mitchell.  With  22  Plates  and  4& 
Woodcuts.     18mo.  Is.  sewed. 


ASTRONOMY  AND  NAVIGATION. 

BALL — Elements  of  Astronomy.    With  1 36  Figures  and  Diagrams. 

By  Sir  Robert  S.  Ball,  LL.D.,  F.RS.    With  136  Woodcuts.    Fcp. 

Svo.  68. 

*»*  The  reader  of  this  Toluma  is  expected  to  pomeu  such  knowledge  of  matbeiiiatic» 
M  may  be  gained  by  stadying  the  Elements  of  Eaclid  and  Algebra,  to0»ther  with  a  rudi- 
mentary acquaintance  with  the  geometry  of  Planes  and  Spheres.  The  book  contains 
chapters  on  the  Instruments  usect  in  Astronomical  Obserrations,  the  Barth,  the  Diurnal 
Motilon  of  the  Heavens,  the  Sun.  Motion  of  the  Earth  around  the  Sun,  the  Moon,  the 
Planets,  Comets  and  Metoors,  Universal  Gravitation,  Stars  and  Nebulae,  the  Structure  of 
the  Sun,  Astronomical  Constants,  Ac,  Ac 

A  Class-Book  of  Astronomv.    By  Sir  Robert  S.  Ball, 

LL.D.,  F.R.S.    With  41  Diagrams.    Fcp.  Svo.  U.  6d, 

BCBDDIOBIBR—The  Milky  Way.  From  the  North  Pole  to  10"  of 
South  Declination.  Drawn  at  the  Earl  of  Rosse's  Observatory  at  Birr 
Castle.  By  Otto  B<bddicker.  With  Descriptive  Letterpress.  4 
Plates,  size  IS  in.  by  23  in.  in  portfolio,  20s. 

BRINE^LE 78  Astronomy.  Re-edited  and  Revised  by  J .  W.  Stubbs^ 
D.D.,  and  F.  BRaKNOW,  Ph.D.    With  49  Diagrams.    Crown  Svo.  6s, 

CLERKE— The  System  of  the  Stars.  By  Aoneh  M.  Clerks, 
Author  of  *  A  History  of  Astronomy  during  the  Nineteenth  Century  *. 
With  6  Plates  and  numerous  Illustrations.    8vo.  21s, 

HEBSCHEL— Outlines  of  Astronomy.  By  Sir  Johk  F.  W. 
Herschel,  Bart.,  K.H.,  &c.,  Member  of  the  institute  of  France. 
With  9  Plates  and  numerous  Diagrams    Square  crown  Svo.  I2s. 

MARTIN—Navig^tion  and  Nautioal  Astronomy.  Compiled 
by  Staff-Commander  W.  R.  Martin,  R.N.,  Instructor  m  Surveyings 
Navigation  and  Compass  Adjustment ;  Lecturer  on  Meteorology  at 
the  Royal  Naval  College,  Qreenwich.  Sanctioned  for  use  in  the 
Royal  Navy  by  tlie  Lords  Commissioners  of  the  Admiralty.  New 
Edition.     Royal  Svo.  ISi. 
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PROCTOR— Works  by  Richard  A.  Proctor. 


Old  and  New  Astronomy.  12  Parte, 

2s,  6<2.  each.  Supplementary  Section, 
Is,    Complete  in  1  vol.  4to.  36«. 

The  Moon:  Her  Motions,  Aspect, 
Scenery,  and  Physical  Condition. 
With  many  Plates  and  Charts,  Wood 
Engraving,  and  2  Lunar  Photographs. 
Crown  8vo.  5^. 

The  Universe  of  Stars :  Researches 

into,  and  New  Views  respecting,  the 
Constitution  of  the  Heavens.  With 
22  Charts  (4  coloured)  and  22  Dia- 
grams.   8vo.  lOff.  6(2. 

Other   Worlds    than    Ours:    the 

Pluralitv  of  Worlds  Studied  under 
the  Light  of  Recent  Scientific  Re- 
searches. With  14  Illustrations ; 
Map,  Charts,  &c.  Crown  8vo.  5«. 
Cheap  Edition.     Crown  8vo.  Zs,  iki. 

Treatise  on  the  Oycloid  and  all 

Forms  of  Cycloidal  Curves,  and  on 
the  Use  of  Cycloidal  Curves  in  dealing 
with  the  Motions  of  Planets,  Comets, 
&c.  With  161  Diagrams.  Crown 
8vo.  IO9.  6d. 

The  Orbs  Around  Us :  Essays  on  the 

Moon  and  Planets,  Meteors  and 
Comets,  the  Sun  and  Coloured  Pairs 
of  Suns.     Crown  8vo.  5«. 

Light  Science  for  Leisure  Hours : 

Familiar  Essays  on  Scientific  Subjects, 
Natural  Phenomena,  &c.  3  vols.  Cr. 
8vo.  58,  each. 


Our  Place  among  Infinites :  Essays 

contrasting  our  Little  Abode  iA  Space 
and  Time  with  the  Infinites  around 
us.    Crown  8vo.  55. 

The  Expanse  of  Heaven :  Essays  on 

the  Wonders  of  the  Firmament.  Cr. 
8vo.  6$, 

New  Star  Atlas  for  the  Library, 

the  School,  and  the  Observatory,  in 
Twelve  Circular  Maps  (with  2  Index- 
Plates).  With  an  Introduction  on  the 
Study  of  the  Sters,  lUusti-ated  by  9 
Diagrams.     Crown  8vo.  5«. 

Larger  Star  Atlas  for  Observers  and 
Students.  In  Twelve  Circular  Maps, 
showing  6000  Stars,  1500  Double 
Stars,  Nebulffi,  &c.  With  2  Index- 
Plates.  Folio  155.;  or  the  Twelve 
Maps  .only,  12<.  6d, 

The  Stars  in  their  Seasons :  an  Easy 

Guide  to  a  Knowledge  of  the  Star 
Groups.  In  12  Large  Maps.  Im- 
perial 8vo.  5^. 

The  Seasons  pictured  in  Forty- 
eight  Sun-views  of  the  E^arth,  and 
24  Zodiacal  Maps,  &c.     Demy  4to.  5^. 

The  Star  Primer :  showing  the  SUrry 

Sky,  Week  by  Week.  In  24  Hourly 
Maps.     Crown  4to.  23,  6d. 

Lessons  in  Elementary  Astro- 
nomy ;  with  hints  for  Young  Tele- 
scopists.  With  47  Woodcuts.  Fcp. 
8vo.  Is.  M, 


WEBB— Celestial  Objects  for  Common  Telescopes.  By  the  Rev. 
T.  W.  Webb,  M.A.  Fifth  Edition,  adapted  to  the  Present  State  of 
Sidereal  Science.    Map,  Plate,  Woodcuts.    Crown  8vo.      [In  the  press. 


METEOROLOGY,   &c. 

ABBOTT— Blementajr7  Theory  of  the  Tides :  the  Fundamental 
Theorems  Demonstrated  without  Mathematics,  and  the  Influence  on 
the  Length  of  the  Day  Discussed.  By  T.  K.  Abbott,  B.D.,  Fellow 
and  Tutor,  Trinity  College,  Dublin.     Grown  8vo.  2s, 

JORDAN— The  Ocean :  a  Treatise  on  Ocean  -Currents  and  Tides,  and 
their  Causes.    By  William  IjEiqhton  Jordan,  F.R.Q.S.     8vo.  21«. 

SCOTT— Weather  Charts  €tnd  Storm  Warnings.  By  Robert 
H.  Scott,  M.A.,  F.R.S.,  Secretaiy  to  the  Meteorological  Council. 
With  numerous  Illustrations.     Crown  8vo.  6s, 
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PHYSIOLOGY,    BIOLOGY,   &c. 

ASHBY— Notes  on  Physiolofiry  for  the  XTse  of  Students 
Preparing  for  ExaiuinatioiL  B7HENBI 
With  134  lUostrationB.    Fcp.  8vo.  bs. 


Preparing  for  Examination.  By  Henbt  Ashbt,  M.I).  (Lond.),  M.R.C.P. 
~ith         " "  ~ 


BIDGOOD—A  Course  of  Practioai  Elementary  Biology. 
By  John  Bidqood,  B.Sc,  F.L.S.  With  226  IllustrationB.  Crown 
8vo.  4«.  Qd. 

PURNBAUX— Human  Physiology.  By  W.  Fubneaux,  F.RG.S. 
With  218  Woodcuts.    Crown  8vo.  2«.  6(i. 

GIBSON— A  Text-Book  of  Elementary  Biology.  By  R.  J. 
Harvet  Gibson, M.A.,F.R.S.£.  With  192  Illustrations.  Crown8vo.6«. 

HUDSON  and  GOSSE— The  Botifera,  or  'Wheel- Animal- 
cules \  By  C.  T.  Hudson,  LL.D.,  and  P.  H.  Gosse,  F.R.S.  With  30 
Coloured  and  4  Uncoloured  Plates.  In  6  Parts.  4to.  10«.  6ci  each  ; 
Supplement,  12«.  6(2.    Complete  in  2  vols,  with  Supplement,  4to.  £A  4«. 

MACALISTEB— Zoology  and  Morphology  of  Vertebrata. 

By  Alexander  Macalister,  M.D.    8vo.  10«.  6^ 

Zoologfy  of  the  Invertebrate  Animals.     By  Alexander 


Macalister,  M.D.     With  59  Diagrams.    Fcp.  8vo.  \s,  Qd. 

Zoologfy  of  the  Vertebrate  Animals.     By  Alexander 


Macalister,  M.D.    With  77  Diagrams.    Fcp.  8vo.  \s.  Qd. 

MORGAN— Animal  Biology:  an  Elementary  Text-Book.  By  C. 
Lloyd  Morgan,  Pix)fe8Sor  of  Animal  Biology  and  Geology  in  Uni- 
versity College,  Bristol.   With  numerous  Illustrations.  Cr.  8vo.  8«.  6(2. 


SCHAFEB— The  Essentials  of  Histology  :  Descriptive  and 
Practical.  For  the  Use  of  Students.  By  E.  A.  Schafer,  F.R.S., 
Jodrell  Professor  of  Physiology  in  University  College,  London. 
Illustrated  by  more  than  300  Figures,  many  of  which  ai*e  new. 
Third  Edition,  revised  and  enlarged.  8vo.  1$,  Qd,  (Interleaved^ 
10«.) 

W.A  T  iLER— An  Introduction  to  Human   Physiolog^y.     By 

Augustus  D.  Waller,  M.D.    With  292  Illustrations.    8vo.  18«. 


HYGIENE. 


ABEL— School  Hyeiene:  including  Simple  Directions  respecting 
Ventilation,  Eyesight,  Infectious  Diseases,  and  First  Aid  in  Injuries. 
For  Schools  and  Families.  By  W.  Jenrinson  Abel,  B.A.,  Clerk  to 
the  Nottingham  School  Board.    Crown  8vo.  1«. 

BRAY— Physiology  and  the  Laws  of  Health,  in  Easy  Lessons 
for  Schools.    By  Mrs.  Charles  Bray.    Fcp.  8vo.  U. 
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BUOKTON— Health  in  the  House ;  Twenty-five  Lectures  on  Ele- 
mentary Physiology  in  its  application  to  the  Daily  Wants  of  Man  and 
Animals.  By  Catherine  M.  Buckton.  With  41  Woodcuts  and 
Diagrams.     Crown  8vo.  2«. 

CORPIBLD— The  Laws  of  Health.  By  W.  H.  Corpield,  M.A,, 
M.D.    Fcp.  8vo.  1<.  ed 

^WILSON— A  Manual  of  HeaJth-Science :  adapted  for  use  in 
Schools  and  Colleges,  and  suited  to  the  requirements  of  Students  pre- 
paring for  the  Examinations  in  Hygiene  of  the  Science  and  Art  Depart- 
ment, &c.  ,By  Andrew  Wilson,  F.R.S.E.,  F.L.S.,  &c.  With  74 
Illustrations.     Crown  8vo.  2«.  6<i. 


BOTANY. 

AITKBN-  Elementary  Text-Book  of  Botany.  For  the  use  of 
Schools.  By  Edith  Aitken,  late  Scholar  of  Qirton  College.  With 
over  400  Diagrams.     Crown  8vo.  As,  6d. 

BENNETT   and   MURRAY  —  Handbook   of  Oryptogamic 

Botany.  By  Alfred  W.  Bennett,  M.A.,  B.Sc,  F.L.S.,  and  George 
Murray,  F.L.S.    With  378  Illustrations.    8vo.  16<. 

EDMONDS— Elementary  Boteuiy.  Theoretical  and  Practical.  By 
Henry  Edmonds,  B.Sc,  London.  With  319  Diagrams  and  Woodcuts. 
Crown  8vo.  2<.  6d. 

KITCHENER— A  Year's  Boteuiy.  Adapted  to  Home  and  School 
Use.  With  Illustrations.   By  Frances  Anna  Kitchener.  Cr.  8vo.  5«. 

lilNDLBY  and  MOORE— The  Treasury  of  Botany ;  or,  Popular 
Dictionary  of  the  Vegetable  Kingdom  :  with  which  is  incorporated  a 
Glossary  of  Botanical  Terms.  Edited  by  J.  Lindley,  M.D.,  F.R.S., 
and  T.' Moore,  F.L.S.  With  20  Steel  Plates  and  numerous  Wood- 
cuts.    2  Parts.     Fcp.  8vo.  12«. 

IjOUDON— An  EncyclopsBdia  of  Plants.  By  J.  C.  Loudon. 
Comprising  the  Speciftc  Character,  Descrijjtion,  Culture,  History, 
Application  in  the  Arts,  ana  every  other  desirable  particular  respect- 
ing all  the  plants  indigenous  to,  cultivated  in,  or  introduced  into,  Britain. 
Corrected  by  Mrs.  Loudon.    With  above  12,000  Woodcuts.    8vo.  42«. 

McNAB— Class-Book  of  Botaxij.  By  W.  R.  McNab.  2  Parts. 
Morpholo^  and  Physiology.  With  42  Diagrams.  Fcp.  8vo.  1«.  6d 
Classification  of  Plants.     118  Diagrams.    Fcp.  8vo.  1«.  Qd. 

THOM]^    and    BENNETT—Struotural    and    Physiological 

Botany.  By  Dr.  Otto  Wilhelm  Thom^  and  Alfred  W.  Bennett, 
M.A.,  B.Sc.,  F.L.S.  With  Coloured  Map  and  600  Woodcuts.  Fcp. 
8vo.  6«. 


Scientific  Works  published  by  Longmans^  Green ^  dr*  Co,        15 


'WATTS— A  School  Flora.     For  the  use  of  Elementary  Botanical 
Classes.     By  W.  Marshall  Watts,  D.Sc,  Lond.    Cr.  8vo.  2$,  6(i. 


AGRICULTURE  AND  GARDENING. 

LLOYD— The  Science  of  Agriculture.    By  F.  J.  Lloyd,  8vo.  12«, 

LOUDON— EncyclopsBdia  of  Gardening ;  the  Theory  and  Practice 
of  Horticulture,  Floriculture,  Arboriculture  and  Landscape  Gardening. 
By  J.  C.  Loudon,  F.L.S.    With  1000  Woodcuts.    8vo.  21«. 

Encyclopaedia  of  Agriculture ;  the  Layinj?-out,  Improve- 
ment and  Management  of  Landed  Property ;  the  Cultivation  and 
Economv  of  the  Productions  of  Agriculture.  By  J.  C.  Loudon, 
F.L,S.     With  1100  Woodcuts.     Bvo.  21«. 

— '■ Encyclopaedia  of  Plants ;  the  Specific  Character,  Description, 

Culture,  History,  &c.,  of  all  Plants  found  in  Great  Britain.    By  J.  C. 
Loudon,  F.L.S.    With  12,000  Woodcuts.    Bvo.  42«. 

VILLE — The  Perplexed  Farmer  :  How  is  he  to  meet  Alien  Com- 
petition ?  Three  Lectures  given  at  Brussels  before  the  Belgian  Royal 
Central  Society  of  Agriculture.  By  George  Ville.  Translated  from 
the  Fourth  French  Edition,  with  additional  matter  supplied  by  the 
Author,  by  William  Crookes,  F.R.S.,  V.P.C.S.,  &c.    Crown  8vo.  5«. 

WEBB— Elementary  Agriculture.  A  Text-  Book  specially  adapted 
to  the  requirements  of  the  Science  and  Art  Department,  the  Junior 
Examination  of  the  Royal  Agricultural  Societv  and  other  Elementary 
Examinations.  By  Henry  J.  Webb,  Ph.D.,  B.Sc.  (Lond.) ;  Principal 
of  the  Agricultural  College,  Aspatria.  With  34  Illustrations.  Crown 
8vo.  2«.  6(2. 

« 

A^^culture.     A  Manual  for  Advanced  Science  Students.    By 

Dr.  IL  J.  Webb.    With  Illustrations.    Crown  8vo.    [In  preparation. 


PHYSIOGRAPHY   AND    GEOLOGY. 

BIRD— Elementary  Gheology.  By  Charles  Bird,  B.A.,  F.G.S., 
Head-Master  of  the  Rochester  Mathematical  School.  With  Geoloffieal 
Map  of  the  British  Isles,  and  247  Illustrations.    Crown  Bvo.  2«.  6a. 

GREEN  —  Physical  Geology  for  Students  and  General 
Readers.  With  Illustrations.  By  A.  H.  Green,  M.A.,  F.G.a  8vo.21». 

THORNTON— Elementary  Physiography:  an  Introduction  to 
ihe  Study  of  Nature.  By  John  Thornton,  M.A.  With  10  Maps 
and  161  Illustrations.    Crown  8vo.  2«.  Qd, 

Advanced  Physiography.    By  John  Thornton,  M.  A    With 


6  Maps  and  180  Illustrations.    Crown  8va  4«.  6cf. 


1 6         Scientific  Works  published  by  Longmans,  Green,  &*  Co, 

WORKS  BY  JOHN  TYNDALL,  D.C.L,  LL.D..  F.R.8. 


Fragments  of  Science :  a  Series  of  Detached  Essays,  Addresses  and 
Keviews.    2  vols.    Crown  8vo.  IQs. 

VOL.  I. :— The  Constftution  of  Nature— Radiation— On  Radiant  Heat  in  relation  to  the 
Colour  and  Chemical  Constitution  of  Bodies— New  Chemical  Reactions  produced  hr  Lis^t 
—On  Dust  and  Disease— Voyaf;e  to  Algeria  to  observe  the  Eclipse— Niagarap— The  Parajlel 
Roads  of  Olen  Roy— Alpine  Sculpture— Recent  Experiments  on  Fog-Signals— On  Uie  Study 
of-Physicfr— On  Crystalline  and  Slaty  CieaTage— On  Paramagnetic  and  Diamagnetic  Forces 
—Physical  Basis  of  Solar  Chemistry— Elementary  Magnetism— On  Force— Contributions  to 
Molecular  Physics— life  and  Letters  of  Faraday— The  Copley  Medalist  of  1870— The 
Copley  Medalist  of  1871— Death  by  Lightning— Science  and  the  Spirits. 

VOL.  n. :— Reflections  on  Prayer  and  Natural  Law— Miracles  and  Special  ProTidenoes- 
On  Prayer  as  a  Form  of  Physical  Energy— Vitality— Matter  and  Force— Scientific  Materi- 
alism—An AddresH  to  Students— Scientific  Use  of  the  Imagination— The  Belfast  Addrese— 
Apology  for  the  Belfast  Address— The  Rot.  Jambs  Martineau  and  the  Belfast  Address— 
Fermentation,  and  its  Bearings  on  Suxgery  and  Medicine— Spontaneous  Oeneiatloa— 
Science  and  Man— Professor  Virchow  and  Evolution- The  Electric  Light 


NEW  FRAGMENTS.    Crown  8vo.  10«.  6d, 

CoNTEMTS:— The  Sabbath— Goethe's '  Farbenlehre  '—Atoms,  Moleculed  and  Ether  WaTee 
—Count  Rumford— Louis  Pasteur,  his  Life  and  Labours— The  Rainbow  and  its  Congeners- 
Address  delivered  at  the  Birkbeck  Institution  on  22nd  October,  1884— Thomas  Young— Life 
in  the  Alps- About  Common  Water— Personal  Recollections  of  Iliomas  Carlyle— On  Un- 
veiling we  Statue  of  Thomas  Carlyle— On  the  Origin,  Propagation  and  Prevention  of 
Phthisis— Old  Alpine  Jottings— A  Morning  on  Alp  Luagen. 


Lectures  on  Sound,  with  Frontis- 
piece of  Fog-Syren,  and  203  other 
Woodcuts  and  Diagrams  in  the  Text. 
Crown  8vo.  lOs.  6d. 

Heat,  a  Mode  of  Motion.    With 

125  Woodcuts  and  Diagrams.  Cr. 
8vo.  12«. 

Lectnres  on  Light  delivered  in 

the  United  States  in  1872  and  1878. 
With  Portrait,  Lithographic  Plate 
and  69  Diagrams.     Grown  8vo.  65. 

Essays  on  the  Floating  Matter  of 

the  air  in  relation  to  Putrefaction 
and  Infection.  With  24  Woodcuts. 
Cr.  8vo.  7».  6rf. 

Researches  on  Diamagnetism  and 

Magnecr3'stallic  Action ;  including 
the  Question  of  Diamagnetic  Polarity. 
Crown  8vo.  12«. 


Notes  of  a  Oonrse  of  Nine  Iieetnres 

on  Light,  delivered  at  the  Royal 
Institution  of  Great  Britain,  1869. 
Crown  870.  Is,  6rf. 

Notes  of  a  Oonrse  of  Seven  Lec- 
tures on  Electrical  Phenomena  and 
Theories,  delivered  at  the  Royal  In- 
stitution of  Great  Britain,  1870.  Cr. 
8vo.  Is.  Qd, 

Lessons   in   Electricity   at   the 

Royal  Institution,  1875-1876.  With 
58  Woodcuts  and  Diagrams.  Crown 
8vo.  2«.  6d. 

Address    delivered    before    the 

British  Association  assembled  at  Bel- 
fast,  X874.    With    Additions.    8vo. 

4s.  ed. 
Faraday  as  a  Discoverer.    With 

2  Portraits.     Fcp.  8vo.  Bs.  6d, 


00,000/2/98. 


ABERDEEN   UNIVSKSITT  PBE88. 


